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Abstract 

This note presents a combination of published and preUminary electroweak results from the 
four LEP collaborations and the SLD collaboration which were prepared for the 2000 summer 
conferences. Averages from Z resonance results are derived for hadronic and leptonic cross sections, 
the leptonic forward-backward asymmetries, the r polarisation asymmetries, the bb and cc partial 
widths and forward-backward asymmetries and the qq charge asymmetry. Above the Z resonance, 
averages are derived for di-fermion cross sections and asymmetries, W-pair, Z-pair and single-W 
production cross section, electroweak gauge boson couplings and W mass and decay branching 
ratios. The major changes with respect to results presented in summer 1999 are final Z lineshape 
results from LEP, updates to the W mass and gauge-boson couplings from LEP, and Alr from 
SLD. The results are compared with precise electroweak measurements from other experiments. 
The parameters of the Standard Model are evaluated, first using the combined LEP electroweak 
measurements, and then using the full set of electroweak results. 
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1 Introduction 



The four LEP experiments and SLD have previously presented lT| parameters derived from the Z 
resonance using pubUshed and prehminary results based on data recorded until the end of 1995 for the 
LEP experiments and 1998 for SLD. Since 1996 LEP has run at energies above the W-pair production 
threshold. In 1999 the delivered luminosity was significantly higher than in previous years, and thus 
the knowledge of the properties of the W boson has been significantly improved. To allow a quick 
assessment, a box highlighting the updates is given at the beginning of each section. 

LEP-I (1990-1995) Z-pole measurements are the hadronic and leptonic cross sections, the leptonic 
forward-backward asymmetries, the r polarisation asymmetries, the bb and cc partial widths and 
forward-backward asymmetries and the qq charge asymmetry. The measurements of the left-right 
cross section asymmetry, the bb and cc partial widths and left-right-forward-backward asymmetries 
for b and c quarks from SLD are treated consistently with the LEP data. Many technical aspects of 
their combination are described in References H, |3| and references therein. 

The LEP-II (1996-2000) measurements are di-fermion cross sections and asymmetries; W-pair, Z- 
pair and single-W production cross sections, electroweak gauge boson couplings. W boson properties, 
like mass, width and decay branching ratios are also measured. 

Several measurements included in the combinations are still preliminary. 

This note is organised as follows: 

Section ^ Z Line Shape and Leptonic Forward-Backward Asymmetries; 

Section ^ r Polarisation; 

Section ^ Alr Measurement at SLD; 

Section ^ Heavy Flavour Analyses; 

Section ^ Inclusive Hadronic Charge Asymmetry; 

Section ^ ff Production at Energies above the Z; 

Section ^ W Boson Properties, including mw, Branching Ratios, W-pair Production Cross Section; 
Section ^ Single-W Production Cross Section; 



Section 10 ZZ Production Cross Section; 



Section 11 Electroweak Gauge Boson Couplings; 



Section 12 Interpretation of the Results, Including the Combination of Results from LEP, SLD, 



Neutrino Interaction Experiments and from CDF and D0; 



Section 13 Prospects for the Future. 
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2 Results from the Z Peak Data 



Updates with respect to last summer: 

All experiments have updated their results, and all are now final. Recent theoretical developments 
have been included in the results and fits. 



2.1 Z Lineshape and Lepton Forward-Backward Asymmetries 

The results presented here are based on the full LEP-I data set. This includes the data taken during 
the energy scans in 1990 and 1991 in the range[| \\^s — mz\ < 3 GeV, the data collected at the Z peak 
in 1992 and 1994 and the precise energy scans in 1993 and 1995 {\^/s — mz\ < 1.8 GeV). The total 
event statistics are given in Table |l|. Details of the individual analyses can be found in References 



qq i+e- 



year 


A 


D 


L 





all 


year 


A 


D 


L 





all 


'90/91 


433 


357 


416 
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'90/91 


53 


36 


39 


58 


186 


'92 


633 


697 


678 


733 


2741 


'92 


77 


70 


59 


88 


294 


'93 


630 


682 


646 


649 


2607 


'93 


78 


75 


64 


79 


296 


'94 


1640 


1310 


1359 


1601 


5910 


'94 


202 


137 


127 


191 


657 


'95 


735 


659 


526 


659 


2579 


'95 


90 


66 


54 


81 


291 


total 


4071 


3705 


3625 


4096 


15497 


total 


500 


384 


343 


497 


1724 



Table 1: The qq and £'^£ event statistics, in units of 10^, used for the analysis of the Z line shape 
and lepton forward-backward asymmetries by the experiments ALEPH (A), DELPHI (D), L3 (L) and 
OPAL (O). 

For the averaging of results the LEP experiments provide a standard set of 9 parameters describing 
the information contained in hadronic and leptonic cross sections and leptonic forward-backward asym- 
metries. These parameters are convenient for fitting and averaging since they have small correlations. 
They are: 

• The mass and total width of the Z boson, where the definition is based on the Breit-Wigner 
denominator (s — m| + isTz/mz) with s-dependent width 

• The hadronic pole cross section of Z exchange: 

Here Fee and Fhad are the partial widths of the Z for decays into electrons and hadrons. 

• The ratios: 

Rc = Thad/ree, Rfi = ^had/^ fifi and = ^had /^tt- (2) 

Here F^^ and F,-,- are the partial widths of the Z for the decays Z — > and Z t~^t~ . Due 

to the mass of the r lepton, a difference of 0.2% is expected between the values for and R^, 
and the value for R^-, even under the assumption of lepton universality |Q. 

^In this note h = c — 1. 
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The pole asymmetries, A^-^, A^-q and A^-^, for the processes e+e~ — > e+e~, e+e" —>■ ^'^ and 
e^e~ — > T^T~ . In terms of the real parts of the effective vector and axial- vector neutral current 
couplings of fermions, gvi and gA{, the pole asymmetries are expressed as 

A% = \a.A (3) 

with 



The imaginary parts of the vector and axial-vector coupling constants as well as real and imaginary 
parts of the photon vacuum polarisation are taken into account explicitly in the fitting formulae and 
are fixed to their Standard Model values. The fitting procedure takes into account the effects of initial- 
state radiation Q to O(a^) ||lO-12], as well as the i-channel and the s-t interference contributions in 
the case of e'''e~ final states. 



The set of 9 parameters does not describe hadron and lepton-pair production completely, because 
it does not include the interference of the s-channel Z exchange with the s-channel 7 exchange. For 
the results presented in this section and used in the rest of the note, the 7-exchange contributions 
and the hadronic 7Z interference terms are fixed to their Standard Model values. The leptonic 7Z 
interference terms are expressed in terms of the effective couplings. 

The four sets of 9 parameters provided by the LEP experiments are presented in Table ||. For per- 
forming the average over these four sets of nine parameters, the overall covariance matrix is constructed 
from the covariance matrices of the individual LEP experiments and common systematic errors 
The common systematic errors include theoretical errors as well as errors arising from the uncertainty 
in the LEP beam energy. The beam energy uncertainty contributes an uncertainty of ±1.7 MeV to 
mz and ±1.2 MeV to Fz. In addition, the uncertainty in the centre-of-mass energy spread of about 
±1 MeV contributes ±0.2 MeV to Fz. The theoretical error on calculations of the small-angle Bhabha 
cross section is ±0.054 % |jl^ for OPAL and ±0.061 % for all other experiments, and results in 
the largest common systematic uncertainty on (t[J. QED radiation, dominated by photon radiation 
from the initial state electrons, contributes a common uncertainty of ±0.02% on aJJ, of ±0.3 MeV 
on mz and of ±0.2 MeV on Fz. The contribution of t-channel diagrams and the s-t interference in 
Z e"'"e~ leads to an additional theoretical uncertainty estimated to be ±0.24 on i?e and ±0.0014 on 
Apg, which are fully anti-correlated. Uncertainties from the model- independent parameterisation of 
the energy dependence of the cross section are almost negligible, if the definitions of Reference [^] 
are applied. Through unavoidable Standard Model remnants, dominated by the need to fix the 7-Z 
interference contribution in the qq channel, there is some small dependence of ±0.2 MeV of mz on the 
Higgs mass, mn (in the range 100 GeV to 1000 GeV) and the value of the electromagnetic coupling 
constant. Such "parametric" errors are negligible for the other pseudo-observables. The combined 
parameter set and its correlation matrix are given in Table ^. 

If lepton universality is assumed, the set of 9 parameters is reduced to a set of 5 parameters. 
Ri is defined as = Fhad/ra; where Tu refers to the partial Z width for the decay into a pair of 
massless charged leptons. The data of each of the four LEP experiments are consistent with lepton 
universality (the difference in over the difference in d.o.f. with and without the assumption of 
lepton universality is 3/4, 6/4, 5/4 and 3/4 for ALEPH, DELPHI, L3 and OPAL, respectively). The 
lower part of Table |^ gives the combined result and the corresponding correlation matrix. Figure |l] 
shows, for each lepton species and for the combination assuming lepton universality, the resulting 68% 
probability contours in the Ri-Ap^ plane. Good agreement is observed. 
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xVNdf = 158/166 



L3 



mz [GeV] 


91.1897 ± 0.0030 


1.00 
















Tz [GeV] 


2.5025 ± 0.0041 


.065 


1.00 














a^nb] 


41.535 ± 0.054 


.009- 


.343 


1.00 












Re 


20.815 ± 0.089 


.108- 


.007 


.075 


1.00 










R/j, 


20.861 ± 0.097 


-.001 


.002 


.077 


.030 


1.00 








R-r 


20.79 ± 0.13 


.002 


.005 


.053 


.024 


.020 


1.00 






.0,e 
^FB 


0.0107 ± 0.0058 


-.045 


.055 


-.006 


-.146 


-.001 


-.003 


1.00 




^FB 


0.0188 ± 0.0033 


.052 


.004 


.005 


.017 


.005 


.000 


.011 


1.00 


aO^t 
^FB 


0.0260 ± 0.0047 


.034 


.004 


.003 


.012 


.000 


.007 


-.008 


.006 1.00 
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Table 2: Line Shape and asymmetry parameters from fits to the data of the four LEP experiments 
and their correlation coefficients. 



For completeness the partial decay widths of the Z boson are listed in Table although they are 
more correlated than the ratios given in Table ^. The leptonic pole cross-section, c^, defined as 

in analogy to ctjJ, is shown in the last line of the Table. Because QCD final state corrections appear 
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quadratically in the denominator via Fz, has a higher sensitivity to as than fjjj or Ri, where the 
dependence on QCD corrections is only hnear. 
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with lepton universality 



X^/N^f = 36.5/31 
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Table 3: Average line shape and asymmetry parameters from the data of the four LEP experiments, 
without and with the assumption of lepton universality. 



without lepton universality 


correlations 


Thad [MeV] 1745.8 ±2.7 
Tec [MeV] 83.92±0.12 
[MeV] 83.99±0.18 
[MeV] 84.08±0.22 


1.00 
-0.29 1.00 
0.66-0.20 1.00 
0.54-0.17 0.39 1.00 


with lepton universality 


Tinv [MeV] 499.0 ±1.5 
Thad [MeV] 1744.4 ±2.0 
Tu [MeV] 83.984±0.086 


1.00 
-0.29 1.00 
0.49 0.39 1.00 


Tinv/ra 5.942 ±0.016 




cr^ [nb] 2.0003±0.0027 





Table 4: Partial decay widths of the Z boson, derived from the results of the 9-parameter averages in 
Table ^. In the case of lepton universality, refers to the partial Z width for the decay into a pair 
of massless charged leptons. 
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Figure 1: Contours of 68% probability in the Ri-A^^ plane. For better comparison the results for 
the T lepton are corrected to correspond to the massless case. The Standard Model prediction for 
mz = 91.1875 GeV, mt = 174.3 GeV, ttt-h = 300 GeV, and asim^) = 0.119 is also shown. The lines 
with arrows correspond to the variation of the Standard Model prediction when mt, rn-n and as(m|) 
are varied in the intervals nit = 174.3 ± 5.1 GeV, mu = 300l^^? GeV, and as(m|) = 0.119 ± 0.002, 
respectively. The arrows point in the direction of increasing values of mt, mn and as- 
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3 The T Polarisation 



Updates with respect to last summer: 

DELPHI have finahsed their results. 
OPAL have updated their resuhs. 



The longitudinal r polarisation Vt of r pairs produced in Z decays is defined as 

where cjr and ctl are the r-pair cross sections for the production of a right-handed and left-handed 
r~, respectively. The distribution of Vt as a function of the polar scattering angle 6 between the e~ 
and the r~, at y/s = mz, is given by 

A(l + cos^6>) + 2Acosg 
= - l + cos^g + 2.4.Acosg ' 

with and as defined in Equation (^). Equation (^) is valid for pure Z exchange. The effects of 
7 exchange, 7-Z interference and electromagnetic radiative corrections in the initial and final states 
are taken into account in the experimental analyses. In particular, these corrections account for the 
dependence of the r polarisation, which is important because the off-peak data are included in the 
event samples for all experiments. When averaged over all production angles Vr is a measurement of 
At- As a function of cos^, Vr{cos0) provides nearly independent determinations of both Ar and 
thus allowing a test of the universality of the couplings of the Z to e and r. 

Each experiment makes separate Vt measurements using the five r decay modes euV, /iz^z7, vrz^, pv 
and ail' [^^-jl^. The pu and ttv are the most sensitive channels, contributing weights of about 40% 
each in the average. DELPHI and L3 have also used an inclusive hadronic analysis. The combination 
is made using the results from each experiment already averaged over the r decay modes. 



3.1 Results 



Tables ^ and ^ show the most recent results for At and obtained by the four LEP collaborations |16- 
p!s| ] and their combination. Common systematic errors arise from uncertainties in the decay radiation 
in the ttv and pv channels, and in the modelling of the ai decays |20|. These errors need further 
investigation and might need to be taken into account for the final results (see Reference 18). For 
the current combination the systematic errors on At and Ae are treated as uncorrelated between the 
experiments. The statistical correlation between the extracted values of At and is small (< 5%), 
and is neglected. 

The average values for At and 

At = 0.1439 ±0.0042 (7) 
Ae = 0.1498 ±0.0048, (8) 

are compatible, in agreement with lepton universality. Assuming e-r universality, the values for At 
and Ae can be combined. This combination is performed neglecting any possible common systematic 
error between At and Ae within a given experiment, as these errors are also estimated to be small. 
The combined result of At and is: 

Ai = 0.1464 ±0.0032. (9) 
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Exixnimcnt. 




ALEPH (90 - 95), prel. 
DELPHI (90 - 95), final 
L3 (90 - 95), final 
OPAL (90 - 95), prel. 


0.1452 ±0.0052 ±0.0032 
0.1359 ±0.0079 ±0.0055 
0.1476 ±0.0088 ±0.0062 
0.1456 ±0.0075 ±0.0057 


LEP Average 


0.1439 ±0.0042 



Table 5: LEP results for At- The x^/d.o.f. for the average is 0.9/3. The first error is statistical 
and the second systematic. In the LEP average, statistical and systematic errors are combined in 
quadrature. The systematic component of the error is ±0.0023. 



Experiment 


Aq 


ALEPH (90 - 95), prel. 
DELPHI (90 - 95), final 
L3 (90 - 95), final 
OPAL (90 - 95), prel. 


0.1505 ± 0.0069 ± 0.0010 
0.1382 ± 0.0116 ± 0.0005 
0.1678 ±0.0127 ±0.0030 
0.1456 ± 0.0103 ± 0.0034 


LEP Average 


0.1498 ± 0.0048 



Table 6: LEP results for Ae- The xV^-cf. for the average is 3.1/3. The first error is statistical 
and the second systematic. In the LEP average, statistical and systematic errors are combined in 
quadrature. The systematic component of the error is ±0.0010. 
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4 Measurement of Alr at SLC 



Updates with respect to last summer: 

SLD have final results for ^lr and the leptonic left-right forward-backward asymmetries. 



The measurement of the left-right cross section asymmetry (^Ilr) by SLD |21] at the SLC provides 
a systematically precise, statistics-dominated determination of the coupling and is presently the 
most precise single measurement, with the smallest systematic error, of this quantity. In principle 
the analysis is straightforward: one counts the numbers of Z bosons produced by left and right 
longitudinally polarised electrons, forms an asymmetry, and then divides by the luminosity- weighted 
e~ beam polarisation magnitude (the e"*" beam is not polarised): 

Since the advent of high polarisation "strained lattice" GaAs photocathodes (1994), the average elec- 
tron polarisation at the interaction point has been in the range 73% to 77%. The method requires no 
detailed final state event identification (e"'"e~ final state events are removed, as are non-Z backgrounds) 
and is insensitive to all acceptance and efficiency effects. The small total systematic error of 0.64% is 
dominated by the 0.50% systematic error in the determination of the e~ polarisation. The statistical 
error on Alr is about 1.3%. 

The precision Compton polarimeter detects beam electrons that have been scattered by photons 
from a circularly polarised laser. Two additional polarimeters that are sensitive to the Compton- 
scattered photons and which are operated in the absence of positron beam, have verified the precision 
polarimeter result and are used to set a calibration uncertainty of 0.4%. In 1998, a dedicated ex- 
periment was performed in order to directly test the expectation that accidental polarisation of the 
positron beam was negligible; the e"*" polarisation was found to be consistent with zero (— 0.02ib0.07)%. 

The ^lr analysis includes several very small corrections. The polarimeter result is corrected for 
higher order QED and accelerator related effects, a total of (-0.22 ± 0.15)% for 1997/98 data. The 
event asymmetry is corrected for backgrounds and accelerator asymmetries, a total of (+0.15±0.07)%, 
for 1997/98 data. 

The translation of the Alr result to a "pole" value is a (— 2.5ib0.4)% effect, where the uncertainty 
arises from the precision of the centre-of-mass energy determination. This small error due to the 
beam energy measurement is slightly larger than seen previously (it was closer to 0.3%) and reflects 
the results of a scan of the Z peak used to calibrate the energy spectrometers to mz from LEP data, 
which was performed for the first time during the most recent SLC run. The pole value, Af^^, is 
equivalent to a measurement of Ae- 

The 2000 result is included in a running average of all of the SLD Alr measurements (1992, 1993, 
1994/1995, 1996, 1997 and 1998). This updated result for A^^ (A) is 0.1514±0.0022. In addition, the 



left-right forward-backward asymmetries for leptonic final states are measured |22|. From these, the 
parameters Ae, A^ and At can be determined. The results are Ae = 0.1544ib0.0060, A^ = 0.142ib0.015 
and At = 0.136 it 0.015. The lepton-based result for Ae can be combined with the Alj^ result to yield 
Ae = 0.1516 lb 0.0021, including small correlations in the systematic errors. The correlation of this 
measurement with A^ and At is indicated in Table ^. 

Assuming lepton universality, the Alr result and the results on the leptonic left-right forward- 
backward asymmetries can be combined, while accounting for small correlated systematic errors, 
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yielding 



Ae = 0.1513 ± 0.0021. 



(11) 
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Table 7: Correlation coefficients between A.^ and 
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5 Results from b and c Quarks 



Updates with respect to last summer: 

DELPHI has presented new measurements of and Ap^. 

SLD has presented updated measurements of Rh, Rc, Ah with leptons and vertex charge and with 
leptons and D-mesons. 

ALEPH has presented a new measurement of BR(b i) and BR(b c ^ i) and L3 has published 
their measurement of R^, and BR(b £). 

The relevant quantities in the heavy quark sector at LEP/SLD which are currently determined by the 
combination procedure are: 

• The ratios of the b and c quark partial widths of the Z to its total hadronic partial width: 

= rbb/rhad and = Fcc/Fhad- 

• The forward-backward asymmetries, and A^-g. 

• The final state coupling parameters -^c obtained from the left-right-forward-backward asym- 
metry at SLD. 

• The semileptonic branching ratios, BR(b i), BR(b c ^ i) and BR(c i), and the average 
time-integrated B^'B'^ mixing parameter, x- These are often determined at the same time or 
with similar methods as the asymmetries. Including them in the combination greatly reduces 
the errors. For example the measurements of x act as an effective measurement of the charge 
tagging efficiency, so that all errors coming from the mixture of different lepton sources in bb 
events cancel in the asymmetries. 

• The probability that a c quark produces a D^, Dg, D*^ meson^or a charmed baryon. The prob- 
ability that a c quark fragments into a D" is calculated from the constraint that the probabilities 
for the weakly decaying charmed hadrons add up to one. 



A full description of the averaging procedure is published in j^; the main motivations for the procedure 
are outlined here. Several analyses measure more than one parameter simultaneously, for example the 
asymmetry measurements with leptons or D mesons. Some of the measurements of electroweak pa- 
rameters depend explicitly on the values of other parameters, for example i?b depends on Rc- The 
common tagging and analysis techniques lead to common sources of systematic uncertainty, in partic- 
ular for the double-tag measurements of R^- The starting point for the combination is to ensure that 
all the analyses use a common set of assumptions for input parameters which give rise to systematic 
uncertainties. The input parameters are updated and extended [Q, ^ to accommodate new analyses 
and more recent measurements. The correlations and interdependences of the input measurements are 
then taken into account in a x^ minimisation which results in the combined electroweak parameters 
and their correlation matrix. 

In a first fit the asymmetry measurements on peak, above peak and below peak are corrected to 
three common centre-of-mass energies and are then combined at each energy point. The results of this 
fit, including the SLD results, are given in Appendix The dependence of the average asymmetries 
on centre-of-mass energy agrees with the prediction of the Standard Model. A second fit is made to 
derive the pole asymmetries Ap-^ from the measured quark asymmetries, in which all the off-peak 

■^Actually the product P(c — > D*^) x BR(D*^ —* tt^D") is fitted because this quantity is needed and measured by 
the LEP experiments. 
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asymmetry measurements are corrected to the peak energy before combining. This fit determines 
a total of 14 parameters: the two partial widths, two LEP asymmetries, two coupling parameters 
from SLD, three semileptonic branching ratios, the average mixing parameter and the probabilities 
for c quark to fragment into a D+, a Dg, a D*"*", or a charmed baryon. If the SLD measurements are 
excluded from the fit there are 12 parameters to be determined. 



5.1 Summary of Measurements and Averaging Procedure 



All measurements are presented by the LEP and SLD collaborations in a consistent manner for the 
purpose of combination. The tables prepared by the experiments include a detailed breakdown of the 
systematic error of each measurement and its dependence on other electroweak parameters. Where 
necessary, the experiments apply small corrections to their results in order to use agreed values and 
ranges for the input parameters to calculate systematic errors. The measurements, corrected where 
necessary, are summarised in Appendix]^ in Tables 44-63, where the statistical and systematic errors 
are quoted separately. The correlated systematic entries are from physics sources shared with one 
or more other results in the table and are derived from the full breakdown of common systematic 
uncertainties. The uncorrelated systematic entries come from the remaining sources. 



5.1.1 Averaging Procedure 

A minimisation procedure is used to derive the values of the heavy-flavour electroweak parameters 
as published in Reference ^. The full statistical and systematic covariance matrix for all measurements 
is calculated. This correlation matrix takes into account correlations between different measurements 
of one experiment and between different experiments. The explicit dependence of each measurement 
on the other parameters is also accounted for. 

Since c-quark events form the main background in the R\y analyses, in the lifetime i?b analyses, 
the value of i?b depends on the value of Re- If R^ and Rc are measured in the same analysis, this is 
reflected in the correlation matrix for the results. However the analyses do not determine i?b and Rc 
simultaneously but instead measure i?b for an assumed value of Rc- In this case the dependence is 
parameterised as 

R^ = R^-^ + aiRc)^-^^^-p^. (12) 

In this expression, R^"^^^ is the result of the analysis assuming a value of Rc = i?^"'^^. The values 
of R^^'^'^ and the coefficients a{Rc) are given in Table ^ where appropriate. The dependence of all 
other measurements on other electroweak parameters is treated in the same way, with coefficients a{x) 
describing the dependence on parameter x. 



5.1.2 Partial Width Measurements 



The measurements of -Rb and -Rc fall into two categories. In the first, called a single-tag measurement, 
a method to select b or c events is devised, and the number of tagged events is counted. This number 
must then be corrected for backgrounds from other flavours and for the tagging efficiency to calculate 
the true fraction of hadronic Z decays of that flavour. The dominant systematic errors come from 
understanding the branching ratios and detection efficiencies which give the overall tagging efficiency. 
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For the second technique, called a double-tag measurement, each event is divided into two hemispheres. 
With Nt being the number of tagged hemispheres, Ntt the number of events with both hemispheres 
tagged and A'^had the total number of hadronic Z decays one has 

Eb^b + Ec-Rc + £uds(l — -Rb — -Rc), (13) 
Cb^b-^b + CcsIRc + Cudseuds(l — — Rc), (14) 

where £c and Euds are the tagging efficiencies per hemisphere for b, c and light-quark events, and 
Cq 7^ 1 accounts for the fact that the tagging efficiencies between the hemispheres may be correlated. 
In the case of i?b one has eb ^ ec ^ ^uds; Cb ~ 1. The correlations for the other flavours can be 
neglected. These equations can be solved to give i?b and Eb- Neglecting the c and uds backgrounds 
and the correlations they are approximately given by 

Eb ~ 2Ntt/Nt, (15) 
i?b ~ N^/{ANuNh.d)- (16) 

The double-tagging method has the advantage that the b tagging efficiency is derived from the data, 
reducing the systematic error. The residual background of other flavours in the sample, and the 
evaluation of the correlation between the tagging efficiencies in the two hemispheres of the event are 
the main sources of systematic uncertainty in such an analysis. 

This method can be enhanced by including more tags. All additional efficiencies can be determined 
from the data, reducing the statistical uncertainties without adding new systematic uncertainties. 

Small corrections must be applied to the results to obtain the partial width ratios and from 
the cross section ratios R\, and Rc. These corrections depend slightly on the invariant mass cutoff of 
the simulations used by the experiments, so that they are applied by the collaborations before the 
combination. 



2iVhad 

Ntt 

iVhad 



The partial width measurements included are: 



Lifetime (and lepton) double tag measurements for i?b from ALEPH [24|, DELPHI |25|, L3 



OPAL 1 27 1 and SLD These are the most precise determinations of R\j. Since they 

completely dominate the combined result, no other i?b measurements are used at present. The 
basic features of the double-tag technique are discussed above. In the ALEPH, DELPHI, OPAL 
and SLD measurements the charm rejection is enhanced by using the invariant mass information. 
DELPHI, OPAL and SLD also add kinematic information from the particles at the secondary 
vertex. The ALEPH and DELPHI measurements make use of several different tags; this improves 
the statistical accuracy and reduces the systematic errors due to hemisphere correlations and 
charm contamination, compared with the simple single/double tag. 

Analyses with D/D*^ mesons to measure Rc from ALEPH, DELPHI and OPAL. All measure- 
ments are constructed in such a way that no assumptions on the energy dependence of charm 
fragmentation are necessary. The available measurements can be divided into four groups: 

- inclusive/exclusive double tag (ALEPH [||], DELPHI OPAL ||): In a first step 

D*^ mesons are reconstructed in several decay channels and their production rate is mea- 
sured, which depends on the product Rc x P(c —>■ D*"*") x BR(D*+ —>■ vr^^D*^). This sample 
of cc (and bb) events is then used to measure P(c D*+) x BR(D*+ vr+D'') using a slow 
pion tag in the opposite hemisphere. In the ALEPH measurement Rc is unfolded internally 
in the analysis so that no explicit P(c D*+) x BR(D*+ 7r+D°) is available. 
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exclusive double tag (ALEPH |2^): This analysis uses exclusively reconstructed D*+, D*^ 
and D"*" mesons in different decay channels. It has lower statistics but better purity than 
the inclusive analyses. 



— reconstruction of all weakly decaying charmed states (ALEPH DELPHI |31|, OPAL 
p^): These analyses make the assumption that the production rates of D*^, D+, Dg and Ac 
in cc events add up to one with small corrections due to unmeasured charms strange baryons. 
This is a single tag measurement, relying only on knowing the decay branching ratios of the 
charm hadrons. These analyses are also used to measure the c hadron production ratios 
which are needed for the i?b analyses. 



A lifetime plus mass double tag from SLD to measure Rc ||2^. This analysis uses the same tagging 
algorithm as the SLD iJ^ analysis, but with the neural net tuned to tag charm. Although the 
charm tag has a purity of about 84%, most of the background is from b which can be measured 
with high precision from the b/c mixed tag rate. 



A measurement of Rc using single leptons assuming BR(c i) from ALEPH |2£]. 



To avoid effects from non linearities in the fit, for the inclusive/exclusive single/double tag and for 
the charm-counting analyses, the products RcP(c — > D*+) x BR(D*"'" vr+D*^), RcfDO, Rcfo+j R-cfos 
and RcfActhat are actually measured in the analyses are directly used as inputs to the fit. The 
measurements of the production rates of weakly decaying charmed hadrons, especially Rcfos s-^id 
RcIa^ have a substantial error due to the branching ratio of the decay mode used. Since this error 
is a relative one there is a potential bias towards lower measurements. To avoid this bias, for the 
production rates of weakly decaying charmed hadrons the logarithm of the production rates instead 
of the rates themselves are input to the fit. For Rcfno and RcfD+ the difference between the results 
using the logarithm or the value itself is negligible. For Rcfos and RcfAc the difference in the i2c-result 
is about one tenth of a standard deviation. 



5.1.3 Asymmetry Measurements 



All b and c asymmetries given by the experiments are corrected to full acceptance. 

The QCD corrections to the forward-backward asymmetries depend strongly on the experimental 
analyses. For this reason the numbers given by the collaborations are also corrected for QCD effects. 
A detailed description of the procedure can be found in Q| with updates reported in [Q] 

For the 12- and 14-parameter fits described above, the LEP peak and off-peak asymmetries are 
corrected to \/i = 91.26 GeV using the predicted dependence from ZFITTER [Q. The slope of the 
asymmetry around mz depends only on the axial coupling and the charge of the initial and final state 
fermions and is thus independent of the value of the asymmetry itself. 

After calculating the overall averages, the quark pole asymmetries, , are derived by applying 
the corrections described below. To relate the pole asymmetries to the measured ones a few corrections 
that are summarised in Table H] have to be applied. These corrections are due to the energy shift from 
91.26 GeV to mz, initial state radiation, 7 exchange and 7-Z interference. A very small correction 
due to the nonzero value of the b quark mass is included in the correction called 7-Z interference. All 
corrections are calculated using ZFITTER. 

The SLD left-right-forward-backward asymmetries are also corrected for all radiative effects and 
are directly presented in terms of and 
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Source 






\/s = "T-Z 

QED corrections 

7, 7-Z, mass 


-0.0013 
+0.0041 
-0.0003 


-0.0034 
+0.0104 
-0.0008 


Total 


+0.0025 


+0.0062 



Table 8: Corrections to be applied to the quark asymmetries as 



FB 



/imeas 
^FB 



+ SAfb- 



The measurements used are: 



Measurements of A% and Af^ using leptons from ALEPH DELPHI L3 H and 
OPAL |40|. These analyses measure either A^ only from a high pt lepton sample or they obtain 



j4pg and Ap^ from a fit to the lepton spectra. In the case of OPAL the lepton information is 
combined with hadronic variables in a neural net. DELPHI uses in addition lifetime information 
and jet-charge in the hemisphere opposite to the lepton to separate the different lepton sources. 
Some asymmetry analyses also measure x- 

Measurements of Apg based on lifetime tagged events with a hemisphere charge measurement 



from ALEPH |41|1, DELPHI [|2|, L3 gj and OPAL [||]. These measurements contribute roughly 
the same weight to the combined result as the lepton fits. 

Analyses with D mesons to measure Ap^ from ALEPH [45| or Ap^ and Apg from DELPHI [^] 
and OPAL 0. 



Measurements of and from SLD. These results include measurements using lepton |48,49], 
D meson |50| and vertex mass plus hemisphere charge |51| tags, which have similar sources 
of systematic errors as the LEP asymmetry measurements. SLD also uses vertex mass for 
bottom or charm tag in conjunction with a kaon tag or a vertex charge tag for both and 
measurements [p^54|. 



5.1.4 Other Measurements 



The measurements of the charmed hadron fractions P(c — > D*"*") x BR(D*+ - 
and /(cbaryon) are included in the Rc measurements and are described there. 



TT+DO), /(D+), /(D,) 



ALEPH H, DELPHI |5|, L3 |2|,|]] and OPAL [|§ measure BR(b ^ £), BR(b c ^ £) and 
X or a subset of them from a sample of leptons opposite to a b-tagged hemisphere and from a double 
lepton sample. DELPHI |^0| and OPAL |5£] measure BR(c — > i) from a sample opposite to a high 
energy D*^. 



5.2 Results 



5.2.1 Results of the 12-Parameter Fit to the LEP Data 



Using the full averaging procedure gives the following combined results for the electroweak parameters: 

= 0.21648 + 0.00075 (17) 
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.0,b 
^FB 

.0,c 
^FB 



0.1674 ±0.0047 
0.0989 ± 0.0020 
0.0688 ± 0.0035 , 



where all corrections to the asymmetries and partial widths are applied. The x^/d.o.f. is 49/(89 — 12) 
The corresponding correlation matrix is given in Table |^. 









^FB 


^FB 




1.00 


-0.15 


-0.03 


0.01 




-0.15 


1.00 


0.07 


-0.01 


.0,b 
^FB 


-0.03 


0.07 


1.00 


0.11 


.0,c 
^FB 


0.01 


-0.01 


0.11 


1.00 



Table 9: The correlation matrix for the four electroweak parameters from the 12-parameter fit. 



5.2.2 Results of the 14-Parameter Fit to LEP and SLD Data 



Including the SLD results for R\^, Rc, Ah and into the fit the following results are obtained: 



A. 
A 



R-h 
Rc 

0,b 
FB 
0,c 
FB 

^b 



0.21653 ± 0.00069 
0.1709 ±0.0034 
0.0990 ± 0.0020 
0.0689 ± 0.0035 
0.922 ±0.023 
0.631 ±0.026, 



(18) 



with a x^/d.o.f. of 54/(98 — 14). The corresponding correlation matrix is given in Table 10 and the 
largest errors for the electroweak parameters are listed in Table 

In deriving these results the parameters and are treated as independent of the forward- 



backward asymmetries Ap'g and ^pg- In Figure ||the results for and are shown compared with 
the Standard Model expectation. 





R^ 




^FB 


^FB 


^b 




-^b 


1.00 


-0.13 


-0.02 


0.01 


-0.04 


0.02 


R^ 


-0.13 


1.00 


0.05 


-0.01 


0.02 


-0.02 


.0,b 
^FB 


-0.02 


0.05 


1.00 


0.10 


0.02 


0.00 


.0,c 
^FB 


0.01 


-0.01 


0.10 


1.00 


0.00 


0.01 


^b 


-0.04 


0.02 


0.02 


0.00 


1.00 


0.14 




0.02 


-0.02 


0.00 


0.01 


0.14 


1.00 



Table 10: The correlation matrix for the six electroweak parameters from the 14-parameter fit. 
The 14 parameter fit yields the b — > ^ branching ratio: 

BR(b^^) = 0.1057 ±0.0019. (19) 
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Rl 




.U,b 
r r> 


.U,c 




A 




(10-3) 


(10-3) 


(10-3) 


(10-3) 


(10-2) 


(10-2) 


statistics 


0.43 


2.6 


1.7 


3.0 


1.6 


2.0 


internal systematics 


0.31 


1.8 


0.7 


1.4 


1.6 


1.6 


QCD effects 


0.19 


0.1 


0.2 


0.1 


0.6 


0.3 


BR(D neut.) 


0.14 


0.1 














D decay multiplicity 


0.12 


0.2 














BR(D+ K-7r+7r+) 


0.10 


0.3 


0.1 











BR(Ds ^ 07r+) 


0.02 


0.7 


0.1 











BR(Ac K-7r+) 


0.06 


0.6 





0.1 








D lifetimes 


0.06 


0.1 





0.1 








gluon splitting 


0.26 


0.6 





0.2 


0.1 


0.1 


c fragmentation 


0.10 


0.3 


0.1 


0.2 


0.1 


0.1 


light quarks 


0.07 


0.3 


0.5 


0.1 








total 


0.69 


3.4 


2.0 


3.5 


2.3 


2.6 



Table 11: The dominant error sources for the electroweak parameters from the 14-parameter fit. 

The largest error sources on this quantity are the dependences on the semileptonic decay models b ^ £, 
c ^ i with 

ABR(b^£)|(b^,)^odei = 0.0008, 
ABR(b^£)|(e^^)^odel = 0.0005. 

Extensive studies are made to understand the size of these errors. If all the asymmetry measurements 
are excluded from the fit a consistent result is obtained with modelling errors of 0.0010 and 0.0006. 
The reduction of the modelling uncertainty is due to the inclusion of asymmetry measurements using 
different methods. Those using leptons depend on the semileptonic decay models while those using 
a lifetime tag and jet charge or D mesons do not. The mutual consistency of the asymmetry mea- 
surements effectively constrains the semileptonic decay models, and reduces the uncertainty in the 
semileptonic branching ratio. 

The result of the full fit to the LEP+SLC results including the off-peak asymmetries and the 
non-electroweak parameters can be found in Appendix Results for the non-electroweak parameters 
are independent of the treatment of the off-peak asymmetries and the SLD data. 
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Figure 2: Contours in the B^-R^ plane derived from the LEP+SLD data, corresponding to 0070 
and 95% confidence levels assuming Gaussian systematic errors. The Standard Model prediction for 
rrit = 174.3 ± 5.1 GeV is also shown. The arrow points in the direction of increasing values of mi. 
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6 The Hadronic Charge Asymmetry (Qfb) 



Updates with respect to last summer: 

L3 have published their result. 



The LEP experiments ALEPH [|^^, DELPHI ||,|6|, L3 H and OPAL [||,|6| have provided 
measurements of the hadronic charge asymmetry based on the mean difference in jet charges measured 
in the forward and backward event hemispheres, (Qfb)- DELPHI have also provided a related mea- 
surement of the total charge asymmetry by making a charge assignment on an event-by-event basis 
and performing a likelihood fit |^3| . The experimental values quoted for the average forward-backward 
charge difference, (Qfb)i cannot be directly compared as some of them include detector dependent 
effects such as acceptances and efficiencies. Therefore the effective electroweak mixing angle, sin^^^^*, 



as defined in Section |12.4| , is used as a means of combining the experimental results summarised in 
Table 0. 



Experiment 




ALEPH (90-94), final 
DELPHI (91-94), prel. 
L3 (91-95), final 
OPAL (91-94), prel. 


0.2322 ± 0.0008 ± 0.0011 
0.2311 ±0.0010 ±0.0014 
0.2327 ±0.0012 ±0.0013 
0.2326 ± 0.0012 ± 0.0013 


LEP Average 


0.2321 ±0.0010 



Table 12: Summary of the determination of sin^^'g** from inclusive hadronic charge asymmetries 
at LEP. For each experiment, the first error is statistical and the second systematic. The latter is 
dominated by fragmentation and decay modelling uncertainties. 



The dominant source of systematic error arises from the modelling of the charge fiow in the 
fragmentation process for each flavour. All experiments measure the required charge properties for 
Z — > bb events from the data. ALEPH also determines the charm charge properties from the data. 
The fragmentation model implemented in the JETSET Monte Carlo program is used by all 
experiments as reference; the one of the HERWIG Monte Carlo program is used for comparison. 
The JETSET fragmentation parameters are varied to estimate the systematic errors. The central 
values chosen by the experiments for these parameters are, however, not the same. The smaller of the 
two fragmentation errors in any pair of results is treated as common to both. The present average 
of sin^^g'jj'*' from (Qfb) and its associated error are not very sensitive to the treatment of common 
uncertainties. The ambiguities due to QCD corrections may cause changes in the derived value of 
sin^^g^*. These are, however, well below the fragmentation uncertainties and experimental errors. 
The effect of fully correlating the estimated systematic uncertainties from this source between the 
experiments has a negligible effect upon the average and its error. 

There is also some correlation between these results and those for using jet charges. The 
dominant source of correlation is again through uncertainties in the fragmentation and decay models 
used. The typical correlation between the derived values of sin^^'*^* from the (Qfb) and the jet 
charge measurements is estimated to be about 20% to 25%. This leads to only a small change in the 
relative weights for the vlpg and (Qfb) results when averaging their sin^^g^** values (Section |12.4| ). 
Furthermore, the jet charge method contributes at most half of the weight of the Ap^ measurement. 
Thus, the correlation between (Qfb) and A^ from jet charge will have little impact on the overall 
Standard Model fit, and is neglected at present. 
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7 Averages for ff Production at LEP-II 



Updates with respect to last summer: 

Results are updated with data taken in 1999 and 2000. 



Since the start of the LEP-II program LEP has dehvered coUisions at energies from ~ 130 GeV to 
~ 209 GeV. The four LEP experiments have made measurements on the e^e~ ff process over this 
range of energies, and prehminary combinations of these data are discussed in this note. 



For the combination presented here, only data taken up to the end of June 2000 are considered. 
The nominal and actual centre-of-mass energies to which the LEP data are averaged for each year are 



given in Table 13 



A number of measurements on the process e''~e — > ff exist and are combined. 



preliminary averages of cross section and forward-backward asymmetry measurements 

a preliminary average of the differential cross section measurements, g^-g, for the channels 

e"'"e~ — > fi~^fJ-~ and e"'"e~ — > r+r" 

heavy flavour results R\^, Rc, and 



Complete results of the combinations are available on the web page and are discussed in ||70|. 



The combined results are interpreted in terms of contact interactions, the exchange of Z' bosons, 
and contours of the S-Matrix parameters and j^^, that describe 7-Z interference, are derived. The 
interpretations are discussed fully in [^]. 



7.1 Cross Sections and Asymmetry Measurements 

Cross section results are combined for the e^e~ — > qq, e''~e~ A*"*"/^" and e'''e~ t~^t~ channels, 
forward-backward asymmetry measurements are combined for the fJ-^fJ-^ and r"*"r~ final states. The 
averages are made for the samples of events with high ^/s'. 

As before [Q, the averaged results are given for two signal definitions: 



• Definition 1: is taken to be the mass of the s-channel propagator, with the ff signal being 
defined by the cut \/s'/s > 0.85. ISR-FSR photon interference is subtracted to render the 
propagator mass unambiguous. 

• Definition 2: For dilepton events, ^/s' is taken to be the bare invariant mass of the outgoing 
difermion pair. For hadronic events, it is taken to be the mass of the s-channel propagator. 
In both cases, ISR-FSR photon interference is included and the signal is defined by the cut 
yV/s > 0.85. When calculating the contribution to the hadronic cross section due to ISR-FSR 
interference, since the propagator mass is ill-defined, it is replaced by the bare qq mass. 



Events containing additional fermion pairs from radiative processes are considered to be signal, pro- 
viding that the primary pair passes the cut on y/s'/s and that the secondary pair has a mass below 
70 GeV/c2. 
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Year 


Nominal Energy 


Actual Energy 


Luminosity 




GeV 


GeV 


pb-^ 


1995 


130 


130.2 


~ 3 




136 


136.2 


~ 3 




133* 


133.2 


~ 6 


1996 


161 


161.3 


~ 10 




172 


172.1 


~ 10 




167* 


166.6 


~ 20 


1997 


130 


130.2 


~ 2 




136 


136.2 


~ 2 




183 


182.7 


~ 50 


1998 


189 


188.6 


~ 170 


1999 


192 


191.6 


~ 30 




196 


195.5 


~ 80 




200 


199.5 


~ 80 




202 


201.6 


~ 40 


2000 


205 


204.9 


~ 60 




207 


206.7 


~ 30 




206* 


205.5 


~ 90 



Table 13: The nominal and actual centre-of-mass energies for data collected during LEP-II operation 
in each year. The approximate average luminosity analysed per experiment at each energy is also 
shown. Values marked with a * are average energies for 1995, 1996 and 2000 used for heavy flavour 
results. The data taken at nominal energies of 130 and 136 in 1995 and 1997 are combined by most 
experiments. 



The data are split into 3 sets: data taken at energies from 130-189 GeV, data taken during 1999, 
and data taken in 2000. Averages are performed separately for each of these data sets. Within each 
subset correlations between experiments and energies and channels are considered. 

Tables 14 and ^ show the preliminary combined results for the 1995-1999 data corresponding 
to the signal definition 1 and the difference in the results if definition 2 is used. The results for the 



averages of the 130-189 GeV data are identical to those given in |72]. Results for the more preliminary 
data taken during 2000 are not given in numerical form but are shown in Figure ^ which show the 
LEP averaged cross sections and asymmetries (based on definition 1), respectively, as a function of 
the centre-of-mass energy, together with the SM predictions. 

The per degree of freedom for the average of the 1999 data is 52.5/60. The correlations are 
rather small, with the largest components at any given pair of energies being between the hadronic 
cross sections. 

There is good agreement between the SM expectations and the measurements of the individual 
experiments and the combined averages. The cross sections for hadronic final states at most of the 
energy points are somewhat above the SM expectations. Taking into account the correlations between 
the data points and also assigning a theory error of ±0.2% [^] to the SM predictions, the difference of 
the cross section from the SM expectations averaged over all energies is approximately a 2.5 standard 
deviation excess. It is concluded that there is no significant evidence in the results of the combinations 
for physics beyond the SM in the process e"'"e~ — > ff. 
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(GeV) 


Quantity 


Value 


SM 


A 


130 


(t(qq) fpbl 


81.938±2.220 


82.803 


-0.251 




a(n^u^) [pbl 


8.592±0.682 


8.439 


-0.331 




cj(r+r^) fpbl 


9.082±0.931 


8.435 


-0.108 






0.692±0.060 


0.705 


0.012 




Afb(T+T-) 


0.663±0.076 


0.704 


0.012 


136 


(^{(N) [pb] 


66.570±1.967 


66.596 


-0.224 




'^(m"^/^") [pb] 


8.231±0.678 


7.281 


-0.280 




cj(r+r^) [pb] 


7.123±0.821 


7.279 


-0.091 




Afb(/U+;Li") 


0.704±0.060 


0.684 


0.013 




Afb(T+T-) 


0.752±0.088 


0.683 


0.014 



Table 14: Preliminary combined LEP results for e'''e~ ff for centre-of-mass energies below the W- 
pair production threshold. All the results correspond to the signal definition 1. The Standard Model 
predictions are from ZFITTER v6.10 |74]. The difference, A, in the averages for the measurements 
for definition 2 relative to definition 1 are also indicated. The quoted uncertainties do not include the 
theoretical uncertainties on the corrections discussed in IrTC 



7.2 Differential cross sections 



The LEP experiments have measured the differential cross section, g^-^, for the e^e^ fJ-^l^-^ and 
e"'"e~ — > T+r" channels. This section discusses a procedure to combine these measurements and 
presents preliminary results. 

Using a Monte Carlo simulation it is found that a fit to the measured differential cross sections, 
using the expected error on the differential cross sections, computed from the expected cross sections 
and the expected numbers of events in each experiment, provided a very good approximation to the 
exact likelihood method based on Poisson statistics. Further details are given in |7C]. 



Data are binned in 10 bins of cos 9. The scattering angle, 6, is the angle of the negative lepton 
with respect to the incoming electron direction in the lab coordinate system. The outer acceptances 
of the most forward and most backward bins for which the four experiments have presented their data 
are different. This is accounted for as a correction to a common signal definition. The signal definition 



used corresponds to definition 1 of Section \L1 



Correlated small systematic errors between different experiments, channels and energies, arising 
from uncertainties on the overall normalisation are considered. 



The data are subdivided into two energy ranges, 183 and 189 GeV and 192-202 GeV, and averages 
are made for each energy point within each of these subsets. The results of the averages are shown in 
Figures |^ and ^. 

The correlations between bins in the average are less that 2% of the total error on the averages 
in each bin. The overall agreement between the averaged data and the predictions is good, with 
a of 114 for 120 degrees of freedom. At 202 GeV the cross section in the most backward bin, 
— 1.00 < cos6 < —0.8, for both muon and tau final states is above the predictions. For the muons 
the excess in data corresponds to 3.3 standard deviations. For the taus the excess is 2.3 standard 
deviations, however, for this measurement the individual experiments are somewhat inconsistent, 
having a chi-squared with respect to the average of 10.5 for 2 degrees of freedom. 



23 



(GeV) 


Quantity 


Value 


SM 


A 


161 


g{qq) fpbl 

VMM/ LJr J 


36.909±1.071 


35.247 


-0.143 




ain'^u^) [pbl 

r / \_sr J 


4.586±0.364 


4.613 


-0.178 




cr(r^r^) fpbl 


5.692±0.545 


4.613 


-0.061 






0.535±0.067 


0.609 


0.017 




Aft(T+r-) 


0.646±0.077 


0.609 


0.016 


172 


(t(qq) [pbl 

VMM/ LJr J 


29.172±0.987 


28.738 


-0.124 




a(ii^Li^) [pbl 


3.556±0.317 


3.952 


-0.157 




(jfr^r^) fpbl 


4.026±0.450 


3.951 


-0.054 






0.672±0.077 


0.591 


0.018 




Aft(T+r-) 


0.342±0.094 


0.591 


0.017 


183 


(7{qq) [pbl 

VMM/ LJr "J 


24.567±0.421 


24.200 


-0.109 




af/i^iU") fpbl 


3.484±0.147 


3.446 


-0.139 




(j(T"^r~) fpbl 

V / Li J 


3.398±0.174 


3.446 


-0.050 




iU Vr " / 


0.558±0.035 


0.576 


0.018 




Afb(T+r") 


0.608±0.045 


0.576 


0.018 


189 


cjfoo) [pbl 

VMM/ LJr J 


22.420±0.248 


22.156 


-0.101 




a(ii^Li^) [pbl 

Vr^ r / LJr J 


3.109±0.077 


3.207 


-0.131 




crfr^r") fpbl 

V / Li J 


3.140±0.100 


3.207 


-0.048 




Afi-,(/i 

iU Vr " / 


0.565±0.021 


0.569 


0.019 




Afb(r+r-) 


0.584±0.028 


0.569 


0.018 


192 


(t(qq) [pbl 

VMM/ Li^ J 


22.292±0.514 


21.237 


-0.098 




afu'^w") fpbl 


2.941±0.175 


3.097 


-0.127 




a(T~^T~) fpbl 

V / Li^ J 


2.863±0.216 


3.097 


-0.047 




i. J_> V(^ / 


0.540±0.052 


0.566 


0.019 




Afb(t+t") 


0.610±0.071 


0.566 


0.019 


196 


(riocj) [pbl 

VMM/ LJr J 


20.730±0.330 


20.127 


-0.094 




(t(u'''u~) [pbl 

Vr^ / LJr J 


2.965±0.106 


2.962 


-0.123 




crfr^r^) fpbl 

V / Lir^ J 


3.015±0.139 


2.962 


-0.045 




i. J_> V(^ / 


0.579±0.031 


0.562 


0.019 




Afb(t+t~) 


0.489±0.045 


0.562 


0.019 


200 


a(qq) [pbl 

VMM/ L-t^ J 


19.376±0.306 


19.085 


-0.090 




a(n~^u~) [pbl 


3.038±0.104 


2.834 


-0.118 




crfr^r^) fpbl 

V / L± J 


2.995±0.135 


2.833 


-0.044 




L J_) Vf^ / 


0.518±0.031 


0.558 


0.019 




Afb(t+t-) 


0.546±0.043 


0.558 


0.019 


202 


a{qq) [pb] 


19.291±0.425 


18.572 


-0.088 






2.621±0.139 


2.770 


-0.116 




(T(r+r^) [pb] 


2.806±0.183 


2.769 


-0.043 




^FB(Ai^/t^") 


0.543±0.048 


0.556 


0.020 




Afb(t+t-) 


0.580±0.060 


0.556 


0.019 



Table 15: Preliminary combined LEP results for e'^e" — > ff for centre-of-mass energies above the W- 
pair production threshold. All the results correspond to the signal definition 1. The Standard Model 
predictions are from ZFITTER v6.10 |74]. The difference, A, in the averages for the measurements 
for definition 2 relative to definition 1 are also indicated. The quoted uncertainties do not include the 
theoretical uncertainties on the corrections discussed in [7C] 
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Figure 3: Preliminary combined LEP results on the cross sections for qq, n^fi^ and r+r^ final states, 
and forward-backward asymmetries for fJ-^^~ and r+r" final states as a function of centre-of-mass 
The values at 130-189 GeV are taken from |72|. The prediction of the Standard Model, 



energy. 



computed with ZFITTER |74|, are shown as curves. The lower plots shows the ratio of the data 
divided by the predictions for the cross sections, and the difference between the measurements and 
the predictions for the asymmetries. For better visibility, the and t^t~ data points are slightly 

shifted apart from their nominal centre-of-mass value. 



7.3 Heavy Flavour Measurements 



A combination of measurements of the ratio^, i?b and Rc and the forward-backward asymmetries, 
74pg and Ap^, from the LEP collaborations at centre-of-mass energies in the range of 130 to 209 GeV 
is performed. 

A common signal definition is defined for all the measurements, requiring: 

• an effective centre-of-mass energy \/s' > 0.85-^5 

• the inclusion of ISR and FSR photon interference contribution and 

• extrapolation to full angular acceptance. 

Systematic errors are divided into three categories: uncorrelated errors, errors correlated between 
the measurements of each experiment, and errors common to all experiments. 

^Unlike at LEP-I, Rn is defined as 

^ ''had 
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Preliminary LEP Averaged d a/dcos 9 




Figure 4: LEP averaged differential cross sections for e^e fi^fi at energies of 183-202 GeV. The 
Standard Model Predictions shown as solid histograms are computed with ZFITTER [^4| 



The results of the combination are presented in Table and Figure ^. Because of the large 
correlation (-0.36) with i?c at 183 GeV and 189 GeV, the errors on the corresponding measurements 
of i?b receive an additional contribution which is absent at the other energy points. For other energies 
where there is no measurement of Rc, the Standard Model value of Rc is used in extracting R^. The 
error that this introduces on i?b is assumed to be negligible. The results are consistent with the 
Standard Model predictions of ZFITTER. 

7.4 Interpretation 

The combined cross sections, asymmetries and results on heavy flavour production are interpreted in 
a variety of models. The cross section and asymmetry results are used to place limits on the mass of 
a possible additional heavy neutral boson, Z'. Limits on contact interactions between leptons and on 
contact interaction between electrons and b and c quarks are obtained. Heavy flavour results are also 
used within the S-Matrix formalism to give information on the 7-Z interference for heavy quarks. 
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Preliminary LEP Averaged d o/dcos (it) 




7.5 Models with Z' Bosons 



The combined hadronic and leptonic cross sections and the leptonic forward-backward asymmetries 
are used to fit the data to models including an additional heavy neutral boson, Z' within a variety of 



models fT^]. 



Fits are made to the mass of a Z', M^' , for 4 different models referred to as X) V') V L-R and 
for the Sequential Standard Model |78], which proposes the existence of a Z' with exactly the same 



coupling to fermions as the standard Z. LEP-II data alone does not significantly constrain the mixing 
angle between the Z and Z' fields, Sgz' • However results from a single experiment where LEP-I data 
is used in the fit show that the mixing is consistent with zero (see for example [^9|). So for these fits 
O22' is fixed to zero. 

No evidence is found for the existence of a Z' boson in any of the models. 95% confidence level 
lower limits on M^' are obtained, by integrating the likelihood function^. The lower limits on the Z' 



'To be able to obtain confidence limits from the likelihood function it is necessary to convert the likelihood to a 
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^ (GeV) 


Rh 


Rc 


4bb 
^FB 


ACC 

^FB 


133 


0.1809 ±0.0133 




0.357 ±0.251 


0.580 ±0.314 




(0.1853) 




(0.487) 


(0.681) 


167 


0.1479 ±0.0127 


_ 


0.618 ±0.254 


0.921 ±0.344 




(0.1708) 




(0.561) 


(0.671) 


183 


0.1616 ±0.0101 


0.270 ±0.043 


0.527 ±0.155 


0.662 ±0.209 




(0.1671) 


(0.250) 


(0.578) 


(0.656) 


189 


0.1559 ±0.0066 


0.241 ±0.024 


0.500 ±0.096 


0.462 ±0.197 




(0.1660) 


(0.252) 


(0.583) 


(0.649) 


192 


0.1688 ±0.0187 




0.371 ±0.302 






(0.1655) 




(0.585) 




196 


0.1577 ±0.0109 




0.721 ±0.194 






(0.1648) 




(0.587) 




200 


0.1621 ±0.0111 




0.741 ±0.206 






(0.1642) 




(0.590) 




202 


0.1873 ±0.0177 




0.591 ±0.284 






(0.1638) 




(0.591) 




206 


0.1696 ±0.0182 




0.881 ±0.221 






(0.1633) 




(0.593) 





Table 16: Results of the global fit, compared to the Standard Model predictions for the signal 
definition, computed with ZFITTER [75| in parentheses. Quoted errors represent the statistical and 
systematic errors added in quadrature. 



mass are shown in Table 17. 



Model 


X 




V 


L-R 


SSM 


y^lijnit (GeV/c2) 


630 


510 


400 


950 


2260 



Table 17: 95% confidence level lower limits on the Z' mass and X) V"; L-R and SSM models. 



7.6 Contact Interactions between Leptons 



Following reference |8C], contact interactions are parameterised by an effective Lagrangian, £eff) which 
is added to the Standard Model Lagrangian and has the form: 

^ ' i,j=L,R 

where g'^/47r is taken to be 1 by convention, 6 = 1(0) for / = e (/ 7^ e), rjij = ±1 or 0, A is the scale 
of the contact interactions, Cj and fj are left or right-handed spinors. By assuming different helicity 
coupling between the initial state and final state currents, a set of different models can be defined 
from this Lagrangian |81|, with either constructive (±) or destructive (— ) interference between the 



Standard Model process and the contact interactions. The models and corresponding choices of r]ij 

probability density function; this is done in a Bayesian approach by multiplying by a prior probability function. Simply 
integrating the likelihood is equivalent to multiplying by a uniform prior probability function. 



28 



^ Q 25 ^LEP preliminary 



0.24 
0.22 r 
0.2 V 
0.18 
0.16 h 
0.14 

80 




VsVVsX' ! a8_5 
100 120 140 



I 

X3 



180 200 
Vs (GeV) 



1 

0.8 7 
0.6 r 
0.4 r 
0.2 7 
r 
-0.2 r 
80 



LLEP preliminary 




100 



VsVVsX).! . a8_5 
120 140 160 



180 200 
Vs (GeV) 



^ "-'^ \ LEP preliminary 




S i.2rLEP preliminary 



Af 



FB 



Vs7Vs>0.1 . 0.85 



180 200 
Vs (GeV) 



100 120 140 160 



180 200 
Vs (GeV) 



Figure 6: Preliminary combined LEP measurements of i2b) Rc and and ^fb- Solid lines represent 
the Standard Model prediction for the signal definition and dotted lines the inclusive prediction. 
The theoretical predictions are computed with ZFITTER |75|. The LEP-I measurements are taken 
from i|7|. 



are given in Table |18[ The models LL, RR, VV, AA, LR, RL, VO, AO are considered here since these 
models lead to large deviations in the e^e~ — > and e"*"e~ t^t^ channels. The total hadronic 

cross section on its own is not particularly sensitive to contact interactions involving quarks. For the 
purpose of fitting contact interaction models to the data, a new parameter e = 1/A^ is defined; e = 
in the limit that there are no contact interactions. This parameter is allowed to take both positive 
and negative values in the fits. 

The averaged measurements of the cross sections and forward-backward asymmetries for e"'"e~ — >• 
/i^/i^ and e~''e~ — > r"*"r~ from all energies from 130 to 207 GeV are used. Theoretical uncertainties 
on the SM predictions of ±0.5% |^2| on the cross sections and ±0.005 on the forward-backward 
asymmetries, fully correlated between all energies, are assumed. 

The values of e extracted for each model are all compatible with the Standard Model expectation 
e = 0, at the two standard deviation level. These errors on e are typically a factor of two smaller 
than those obtained from a single LEP experiment with the same data set. The fitted values of e 
are converted into 95% confidence level lower limits on A. The limits are obtained by integrating 
the likelihood function over the physically allowed values, e > for each A"*" limit and e < for A~ 
limits. The fitted values of e and the extracted limits are shown in Table Figure |7| shows the limits 
obtained on the scale A for the different models assuming universality between contact interactions 
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Model 


Vll 


Vrr 


Vlr 


VRL 


LL± 


±1 











RR± 





±1 








VV± 


±1 


±1 


±1 


±1 


AA± 


±1 


±1 






LR± 








±1 





RL± 











±1 


V0± 


±1 


±1 








A0± 








±1 


±1 



Table 18: Choices of rjij for different contact interaction models 



LEP Combined Preliminary 



e ' e 



for e^e — > ^ and e'''e — > t~^t 





A" 


A+ 


LL 


10.0 


15.2 


RR 


9.1 


15.6 


VV 


15.3 


23.9 


AA 


15.6 


18.8 


RL 


8.0 


11.6 


LR 


8.0 


11.6 


VO 


13.8 


22.7 


AO 


11.0 


16.2 




11 


A for 


e+e 


■ -^e 


T 


+ T-. 




+e- - 







20. 

A" (TeV) 



20. 

A^ (TeV) 



7.7 Contact Interactions from Heavy Flavour Averages 



Limits on contact interactions between electrons and b and c quarks are obtained. These results are 
of particular interest since they are inaccessible to pp or ep colliders. The formalism for describing 
contact interactions including heavy flavours is identical to that described above for leptons. 



All heavy flavour LEP-II combined results from 133 to 205 GeV listed in Table 16 are used as 
inputs. For the purpose of fitting contact interaction models to the data, i?b and Rc are converted to 
cross sections ay^^ and Ucc using the averaged qq cross section of section ^]l] corresponding to signal 
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e+e —>■ /1+/1 


Mo del 


e [ lev ) 


A [ lev ) 


lev ) 


LL 


-o.oo66i[J:0[Jl^ 


8.2 


14.3 


RR 


n nr,/->n+0 0045 

-0.00691^;^^^^ 


8.0 


13.4 


VV 


-0.0023l[!;0[!J^ 


13.7 


21.6 


AA 


U.UUOO_Q QQ^2 


13.1 


19.2 


RL 


U.UUDZ_Q QQ74 


7.2 


10.1 


LR 


-0 00^2+°-°°^^ 


7.2 


10.1 


VO 


-0 0036+°-°°24 

U.UUOD_Q QQ22 


11.9 


20.6 


AO 


-0 0027+"-^"^^ 

U.UUZ^_Q QQ33 


10.8 


14.4 




e+e — T+T 


Model 


e (TeV-2) 


A-(TeV) 


A+(TeV) 


LL 


-0 ono's+°-°°5'^ 

U.UUUO^Q QQ55 


9.5 


9.8 


RR 


-0.00051°:°°^° 


8.7 


9.5 


VV 


-0.00081--- 


14.4 


16.1 


AA 


-0.00081°:°°?^ 


13.4 


12.2 


RL 


-0 00^2+°-°°^3 


6.5 


8.8 


LR 


-0 00^2+°-°°93 

U.UUDZ_o.0102 


6.5 


8.8 


VO 


-0 0003+"-'^'^^^ 

U.UUUJ_0.0029 


12.9 


13.7 


AO 


-0 002fi+°-0°'^9 

U.UUZD_o.0050 


9.5 


12.4 




e+e- l+l- 


Model 


e (TeV-2) 


A-(TeV) 


A+(TeV) 


LL 


-0 0046+°-°°3^ 

U.UUW_Q QQ3g 


10.0 


15.2 


RR 


-0 0046+'^-'^'^^*^ 

U.UUW„o.0044 


9.1 


15.6 


VV 


-0 001 Q+0-0024 

u.uuiy_Q QQ^2 


15.3 


23.9 


AA 


-0 001 s+^-o"^*^ 


15.6 


18.8 


RL 


-0 no^2+°-o°5'' 

U.UUOZ_g QQgQ 


8.0 


11.6 


LR 


-0 no^2+°-o°5'' 

U.UUOZ_Q QQgQ 


8.0 


11.6 


VO 


-0 0023+°-°°^^ 

U.UUZO_Q QQ2Q 


13.8 


22.7 


AO 


-0 0027+°-°°28 

U.UUZ^_Q QQ28 


11.0 


16.2 



Table 19: Fitted values of e and 95% confidence limits on the scale, A, for constructive (+) and 
destructive interference (— ) with the Standard Model, for the contact interaction models discussed in 
the text. Results are given for e+e~ /^+/W~i e+e~ — > r+r~ and e+e~ £^£~ , assuming universality 
in the contact interactions between e+e~ — > ^+/^~ and e+e~ — > r+r^. 



definition 2. In the calculation of errors, the correlations between i?bj Rc and assumed to be 

negligible. 



The fitted values of e = -p- and their 68% confidence level uncertainties together with the 95% 
confidence level lower limits on A are shown in Table 20. Figure § shows the limits obtained on the 



scale. A, of models with different helicity combinations involved in the interactions. 
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e+e — y bb 


Model 


e (TeV-^) 


A- (TeV) 


A+ (TcV) 


LL 


-0.0025+[|[]'i^^ 

—0.0052 


9.1 


11.1 


RR 


— U.Uloi 


2.2 


7.2 


VV 


-0 0020+" ""''^ 

U.UUZU_Q QQ43 


10.0 


12.4 


AA 


-o.ooisiHH^^ 


11.2 


14.0 


RL 




7.3 


2.4 


LR 


-0.0428i[{:l]^^« 


3.2 


5.7 


VO 




10.8 


12.9 


AO 


0.0266t--| 


6.4 


4.1 



e+e — > cc 


Model 


e (TeV-^) 


A- (TeV) 


A+ (TeV) 


LL 


0127+^-'^'^^'^ 


5.2 


1.6 


RR 


0466+'^-'^''*^^ 


4.5 


1.5 


VV 


-0.0008tni^! 


7.3 


6.6 


AA 


0.0046ini^« 


6.4 


5.1 


RL 




2.8 


2.6 


LR 




3.5 


2.1 


VO 


0036+'^'^^^^ 

U.UUOD_Q Q^35 


6.7 


1.4 


AO 


0499+^-'^*^^^ 
u.u4yy_Q Qgg^ 


3.9 


2.6 



Table 20: Fitted values of e and 95% confidence limits on the scale, A, for constructive (+) and 
destructive interference (— ) with the Standard Model, for the contact interaction models discussed in 
the text. From combined bb and cc results with centre-of-mass energies from 133 to 205 GeV. 



LEP Combined Preliminary 



LEP Combined Preliminary 



LL 
RR 



A" A" 
9.1 11.1 



2.2 7.2 

VV 10.0 12.4 

AA 11.2 14.0 

RL 7.3 2.4 

LR 3.2 5.7 

VO 10.8 12.9 

AO 6.4 4.1 

bb 
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Figure 8: 95% CL limits on the scale of contact interactions in e+e bb and e+e — > cc using 
Heavy Flavour LEP combined results from 133 to 205 GeV. 
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7.8 S-Matrix Parameters for Heavy Flavour Production 



The S-Matrix formalism |83| parameterises the cross sections and forward-backward asymmetries for 
two-fermion production in terms of the exchange of a massless (7) and a massive vector boson (Z): 



0,/ 

tot 



:7ra + 



„tot. 



_|_ ^y.g 



I 2 

■5 (s — m|)2 + m|r2 



I 2 

•5 (s — m|)2 + mlr^ 



a. 



fb 



(s) = -vra^ + 



mi 



O 0,// N 

The mass, mz, and width, Fz, used in the S-Matrix fits are shghtly different from the usual mass mz, 
and width Fz which are defined using an s-dependent width term in the Breit-Wigner resonance of 
the Z: 

mz ~ mz — 34.1Mev 
Tz ~ Tz - 0.9Mev 

The parameters g, r and j parameterise the cross sections and forward-backward asymmetries arising 
from the exchange of the 7 (^f) and the Z (r) and the interference of the two (j). Values for these 
parameters can be obtained for each fermion species and also for a combination of all qq final states, 
/ = had. Values of the g, r and j parameters and Fz are computed in the Standard Model for 
comparison with the results of the fits. 

S-Matrix fits have already been performed using the hadronic and leptonic cross section and 
leptonic forward-backward asymmetry data from LEP-I and LEP-II for energies up to 172 GeV [|7l]] , 
providing constraints on r|^°j and the parameters describing charged lepton production and 

mz and Fz. The results of these existing fits and the full error matrix are used to constrain these 
parameters in the fit performed here. 



LEP-I and SLD heavy fiavour averages |84|, R]^, Rc, and Ap^ are used to constrain the 

S-Matrix parameters r{^°* and that describe the heavy quark couplings to the Z. By including 



the combined LEP-II heavy fiavour measurements from 133 to 205 GeV listed in Table |16| values of 
the parameters and that describe 7-Z interference in heavy quark production are obtained. 
Contours for these parameters are given at the end of this section. 

The LEP-II average values of R\, and -Rc from Section for centre-of-mass energies from 130 
up to 166 GeV are used directly in the fit. These are largely uncorrelated with the measured total 
cross sections, therefore, the correlations between the existing S-Matrix fits parameters and these 
measurements are neglected. The measurements are fitted using the ratio of the predicted b and c 
cross sections and the total hadronic cross section. 

For energies of 183 GeV and above, the fiavour tagged measurements are more precise than those 
from 133-166 GeV. The uncertainties on from the existing fits introduces a sizeable uncertainty 
on the prediction of R\y and Rc- For these energies the measurements of i?b and Rc are first converted 
into cross sections for bb and cc production by multiplying by the the total hadronic cross sections 
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from section 7.1. The full error matrix of the quantities and the correlations with the lower energy 
i?b and Rc values are computed. Correlations between the existing S-Matrix fit results and the total 
hadronic cross sections from 183 GeV and above are neglected. For this reason the highest energy 
hadronic cross sections are not used to improve the fits to the inclusive hadronic S-Matrix parameters. 

The forward-backward asymmetries for b and c quark production are fitted directly to predictions 
of the asymmetries at all energies. 

Predictions of the S-Matrix formalism are made using the SMATASY program. The couplings 
to the photon are fixed to the expectation from the Standard Model. 

In summary, the following parameters are obtained from the fit: 

• The mass and total width of the Z boson, the S-Matrix parameters and for the total 
hadronic cross section, and the parameters rf"*, rp, and j'p" for lepton^. 

• The S-Matrix parameters r{^°* and that describe the total bb and cc cross sections and 
asymmetries due to Z boson exchange. 

• The four parameters and that describe the the effect of 7-Z interference on the energy 
dependence of the bottom and charm cross sections and asymmetries. 

The following data are used: 



The results of the existing S-Matrix fits |71], derived from LEP-I data and including total 
hadronic cross sections up to 172 GeV. 
LEP-I and SLD heavy flavour averages 

LEP-II heavy flavour averages i?b and Rc for energies up to and including 172 GeV from Table 
Values of the flavour tagged b and c cross sections ab and cic derived from measurements of i?b 



and Rc and the total hadronic cross section for energies of 183 GeV and above, from section 7.1 



and Table 16. 



LEP-II heavy flavour averages and Aph for all LEP-II energies from Table 16 



The results for the S-Matrix parameters and are shown in Figure |9| for both bottom and 
charm quark production. Good agreement is observed with the Standard Model prediction for 
7-Z interference in heavy quark production. 



^Lepton universality is assumed. 
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J—T interference in bb production 7~Z interference in cc production 




;tot jtot 
Jb Jc 



Figure 9: Preliminary combined LEP results on the S-Matrix parameters describing 7-Z interference 
in bb and cc production. The expectations of the SM are also shown. 
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8 Measurement of W Boson Properties at LEP-II 



Updates with respect to last summer: 

There are new results on the WW cross section and on the W mass. The W decay branching ratios 
are updated. 



In the year 2000 LEP ran at centre-of-mass energies larger than 200 GeV, with a maximum of 209 GeV 
(see Table ^). The collected data are divided in two ranges of y/s, below and above 205.5 GeV. The 
two data sets have mean centre-of-mass energies of 204.9 and 206.7 GeV and the respective integrated 
luminosities used for the analyses considered in this note are 60 and 30 pb^^. The same centre-of-mass 
energy binning is also applied for the measurement of the Z~pair cross section. All data recorded from 
1996 to 1999 over a range of centre-of-mass energies, ^/s = 161 — 202 GeV are used to extract the W 
boson mass and width. 



8.1 W— pair Production Cross Section 



All experiments have published final results on the W-pair (CC03) production cross section for centre- 
of-mass energies up to 189 GeV ALEPH |l|, DELPHI [|| and L3 || prehminary results 
at y/s = 192-202 GeV are unchanged with respect to combination of results prepared for the year 2000 
winter conferences. OPAL has updated its preliminary results at ^/s = 200 and 202 GeV |Q| to include 
the full luminosity collected in 1999, whereas the results at ^/s = 192 and 196 GeV are unchanged 
since the winter conferences. All experiments have contributed preliminary results [p4, 9(:-|98| based 
on the analysis of year 2000 data. 

Results from different experiments are combined using the method described in |99| and taking 
into account, when relevant, the correlations between the systematic uncertainties, which arise mainly 
from the use of the same Monte Carlo programs to predict background cross sections and to simulate 
the hadronisation processes. 

The results from each experiments for the W-pair production cross section, assuming Standard 



Model values for the W decay branching ratios, are shown in Table 21, together with the LEP combi- 
nation. In the averaging procedure the QCD component of the systematic errors f\ from each individual 
measurement is taken to be fully correlated between experiments. This common error ranges between 
0.07 and 0.10 pb. These results supersede the ones presented in |100[ | for ^/s = 189, 200 and 202 GeV. 

Figure ^ shows the total W-pair cross section measured as a function of the LEP centre-of- 
mass energy. The experimental points are compared with new calculations (RacoonWW [ |101| and 
YFSWW3 |0|) based on the double pole approximation (DPA) [[0| for mw = 80.35 GeV. These two 
codes have been extensively compared and agree at a level better than 0.2% at the LEP-II energies. 
The theoretical uncertainty of the DPA decreases from 0.7% at 170 GeV to a level of 0.4% at centre- 
of-mass energies larger than 200 GeV0. This theoretical uncertainty is represented by the grey band 
in Figure |l^. An error of 50 MeV on the W mass translates into a 0.1% error on the cross section 
predictions at 200 GeV. The DPA is only valid away from the production threshold, therefore below 



In the combination the preliminary results of the L3 collaboration |90| are still used, as the final results only became 
available shortly before the ICHEP conference. 

^The QCD component of the systematic error, includes for example uncertainties on the 4-jet rate, on the fragmen- 
tation modelling and estimates of possible effects of colour reconnection and Bose-Einstein correlations. 

*The theoretical uncertainty Aa/a on the W-pair production cross section calculated in the DPA can be parametrised 
as Aa/a = 0.4 0.072-^1 - fa, where ti = (200 - 2mw)/(ys - 2mw) and i2 = (1 - - i^^^^f) jlO^ . 
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170 GeV the experimental results are compared with the Gentle |105|| prediction, which is adjusted 
to reproduce the DPA results at higher energies. All results, up to the highest centre-of-mass energies, 
are in agreement with the theoretical predictions. 



^/s 

V 

(GeV) 




C 


ross section (pb) 




Y^/d.O.f. 


ALEPH 


DELPHI 


L3 


OPAL 


LEP 


161.33 


4.23 ±0.75* 


3.67 ±0.93* 


2.89 ±0.77* 


3.62 ±0.89* 


3.69 ±0.45 


1.3/3 


172.12 


11.7 ±1.3* 


11.58 ± 1.4* 


12.27 ± 1.4* 


12.3 ±1.3* 


12.0 ±0.7 


0.22/3 


182.67 


15.57 ±0.68* 


15.86 ± 0.74* 


16.53 ±0.72* 


15.43 ±0.66* 


15.83 ±0.36 


1.49/3 


188.63 


15.71 ±0.38* 


15.83 ±0.43* 


16.20 ±0.46 


16.30 ±0.38* 


16.00 ±0.21 


1.57/3 


191.6 


17.23 ±0.91 


16.90 ± 1.02 


16.39 ±0.93 


16.60 ±0.97 


16.78 ±0.48 


0.47/3 


195.5 


17.00 ±0.57 


17.86 ± 0.63 


16.67 ±0.60 


18.59 ±0.74 


17.39 ±0.32 


5.26/3 


199.5 


16.98 ±0.56 


17.35 ±0.60 


16.94 ± 0.62 


16.32 ±0.66 


16.93 ±0.31 


1.39/3 


201.6 


16.16 ±0.76 


17.67 ±0.84 


16.95 ±0.88 


18.48 ±0.91 


17.20 ± 0.43 


4.27/3 


204.9 


16.70 ±0.64 


18.81 ±0.80 


17.70 ±0.86 


15.84 ±0.71 


17.11 ±0.38 


8.79/3 


206.7 


17.01 ±0.88 


16.50 ± 1.05 


17.20 ± 1.03 


15.96 ±0.96 


16.68 ±0.49 


1.01/3 



Table 21: W-pair production cross sections from the four LEP experiments and combined values 
for the seven of the recorded centre-of-mass energies. All results are preliminary with the exception 
of those indicated by *. A common systematic error of (0.07-0.10) pb is taken into account in the 
averaging procedure. Final results for the combined W-pair production cross section at lower centre- 
of-mass energies can be found in [l|,|71,106| . 



8.2 W Decay Branching Fractions 



Prom the cross sections for the individual W decay channels measured by the four experiments at 
all energies larger than 161 GeV, the W decay branching ratios {B(W ff')) are determined, with 
and without the assumption of lepton universality. ALEPH |9^ and OPAL |94] have updated their 
results to include the data collected in the year 2000 at centre-of-mass energies up to 208 GeV, whereas 



DELPHI |^2[ and L3 [93| have not updated their preliminary results prepared for the year 2000 winter 
conferences. The results from the single experiments are given in Table ^ together with the result of 
the LEP combination. Correlated errors between the different channels of individual experiments are 
taken into account in the averaging procedure, together with the QCD component of the systematic 
error which is assumed to be fully correlated among experiments. 



The results of the fit which does not make use of the lepton universality assumption show a 
negative correlation of 21.0% (18.7%) between the W rVj- and W — > eUg (W — > ^X^^) branching 
ratios, while between the electron and muon decay channels there is a positive correlation of 4.4%. 
These branching ratios are all consistent within the errors and allow to test lepton universality in the 
decay of on-shell W bosons at the level of 3.3%. Assuming lepton universality, the measured hadronic 
branching ratio is (67.78±0.32)% and the leptonic one is (10.74±0.10)%. These results are consistent 
with the Standard Model expectations. Statistical and systematic uncertainties give approximately 
equal contributions to the total errors on the branching ratios. The systematic error is divided equally 
in the two components which are correlated and uncorrelated between experiments. 

Within the Standard Model, the branching fractions of the W boson depend on the six matrix 
elements |Vqq'| of the Cabibbo-Kobayashi-Maskawa (CKM) quark mixing matrix not involving the 
top quark. In terms of these |Vqq'| the leptonic branching ratio of the W boson, B(yV — > tPi), is given 

by 
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LEP 



21/07/2000 

Preliminary 



20 
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10 







RacoonWW / YFSWW 1.14 
Gentle 2.1 (±0.7%) . ^ 




160 



170 180 190 200 210 



Figure 10: Measurements of the W-pair production cross section compared to the predictions of 
RacoonWW, and YFSWW3 and Gentle for mw = 80.35 GeV. The shaded area represent the 
uncertainty on the prediction which is ±0.7% for ^/s < 170 GeV and varies between ±0.4 and ±0.7% 
for ^ > 170 GeV. 



1/^(W^^^) = 3{l+[l±Q,(mw')/vr] ^ jV^.f}, 



(20) 



i=u,c, jr=d,s,b 



where as(mw^) is the strong couphng constant. Taking as(mw^) = (0.121 ± 0.002), the measured 
leptonic branching ratio of the W yields 
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Lepton 
non-universality 


Lepton 
universality 


Experiment 


W^eI7e 

(%) 


W ^xv^ 

(%) 


(%) 


W hadrons 

(%) 


ALEPH 


11.19 ±0.34 


11.05 ±0.32 


10.53 ±0.42 


67.22 ±0.53 


DELPHI 


10.33 ±0.45 


10.68 ±0.34 


11.28 ±0.56 


67.81 ±0.61 


L3 


10.22 ±0.36 


9.87 ±0.38 


11.64 ±0.51 


68.47 ±0.59 


OPAL 


10.52 ±0.37 


10.56 ±0.35 


11.15 ±0.49 


67.86 ± 0.62 


LEP 


10.62 ±0.20 


10.60 ±0.18 


11.07 ±0.25 


67.78 ± 0.32 


xVd.o.f. 


11.1/9 


13.2/9 



Table 22: Summary of W branching ratios derived from W-pair production cross sections measure- 
ments up to 208 GeV centre-of-mass energy (DELPHI and L3 results are based only on data collected 
up to \/s = 202 GeV). A common systematic error of (0.04-0.13)% is taken into account in the 
averaging procedure. 



E 



IV,; 



2.026 ± 0.030 (Br.) ± 0.001 (a. 



(21) 



i=u,c, j=d,s,b 



where the first error is due to the uncertainty on the branching ratio measurement and the second to 
the uncertainty on a^. Using the experimental knowledge of the sum |Vud|^ ± |Vus|^ ± |Vub|^ ± |VcdP ± 
|VcbP = (1.0477 ± 0.0074) pi, the above result can be interpreted measurement of |Vcs| which 
is the least well determined of these matrix elements: 



IV, 



0.989 ± 0.016. 



(22) 



The error includes the uncertainties on Ug and on the other | Vqq' | matrix elements but is dominated 
by the experimental error on the W branching fractions. The uncertainty in the sum of the other CKM 
matrix elements, which is dominated by the uncertainty on |Vcd|, contributes a negligible uncertainty 
of 0.004 to this determination of |Vcs|. 



8.3 W Mass Measurement 



The W boson mass results presented here are obtained from data recorded over a range of centre-of- 
mass energies, y/s = 161 — 202 GeV during the 1996-1999 operation of the LEP collider. These data 
correspond to an integrated luminosity of approximately 460 pb~^ per experiment. No results from the 
year 2000 LEP running are included. The results on the W mass quoted below correspond to a mass 
definition based on a Breit-Wigner denominator with an s-dependent width, |s — ± isT^^ /'m^^\. 

Since 1996 the LEP e~''e~ collider is operating above the threshold for W^W^ pair production. 
Initially 10 pb~^ of data were recorded close to W"'"W~ pair production threshold. At this energy the 
W''~W~ cross section is sensitive to the W boson mass, mw- Table p3| summarises the W mass results 



from the four LEP collaborations based on these data |108- 111 |. 



Subsequently LEP has operated well above the W~''W threshold, delivering 450 pb ^ per experi- 
ment (excluding the operation in 2000). Above threshold, the e"^e~ — > W"'"W~ cross section has little 
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Threshold Cr 
Experiment 


OSS Section 
mw/GeV 


ALEPH [ 
DELPHI [ 
L3 [ 
OPAL [ 


108| 

ro9| 

ll0| 


80.14 ±0.35 
80.40 ± 0.45 
80.80+|]-^^ 



Table 23: W mass measurements from the W+W threshold cross section at ^/s = 161 GeV. The 
errors include statistical and systematic contributions. 



sensitivity to m-w- For these data the W boson mass is measured using the method of direct reconstruc- 
tion where the measured four-momenta of the reconstructed jets and leptons are used to reconstruct 
the invariant mass on an event-by-event basis. Table ^ summarises the W mass results from the four 
LEP experiments using the method of direct reconstruction. In addition to the combined numbers, 
each experiment presents mass measurements from W''~W~— >qq£l7^ and W'^W^^qqqq channels sep- 
arately. The DELPHI, L3 and OPAL collaborations obtain results for the qqiVi and qqqq channels 
using independent fits to data from each channel, taking into account correlated systematic errors. The 
qq^£ and qqqq results quoted by the ALEPH collaboration are obtained from a simultaneous fit to all 
data which, in addition to other correlations, takes into account the correlated systematic uncertainties 
between the two channels. The large variation in the systematic uncertainties in the W'*'W^^qqqq 
channel are caused by differing estimates of the possible effects of colour reconnection (CR) and Bose- 
Einstein correlations (BEG), discussed below. The systematic errors in the W'''W~— ^qq^r'^ channel 
are dominated by uncertainties from hadronisation, with estimates ranging from 20-40 MeV. 



Experiment 


DII 

W+W-^qq£77^ 
TTT-w/GeV 


lEGT RECONSTRUCT] 
W+W~^qqqq 
rn-w / GeV 


ON 

Combined 
mw/GeV 


ALEPH 
DELPHI 
L3 1 


112 
115 
L19- 


-114 
-118 
122] 




80.435 ± 0.063 ± 0.048 
80.381 ± 0.088 ± 0.048 
80.273 ± 0.089 ± 0.046 
80.510 ±0.067 ±0.031 


80.467 ± 0.064 ± 0.057 
80.372 ± 0.064 ± 0.063 
80.461 ± 0.077 ± 0.069 
80.408 ±0.066 ±0.100 


80.449 ± 0.045 ± 0.047 
80.380 ± 0.053 ± 0.047 
80.362 ± 0.058 ± 0.052 
80.486 ± 0.053 ± 0.039 


OPAL [123 


-127 



Table 24: Preliminary W mass measurements from direct reconstruction (-y/i = 172 — 202 GeV). 
Results are given for the semileptonic, fully hadronic channels and the combined value. The errors are 
statistical and systematic respectively. The combined values of m-w from each collaboration take into 
account the correlated systematic uncertainties between the two channels and between the different 
years of data taking. The W'^W~— >qq£l7^ results from the ALEPH and OPAL collaborations include 
mass information from the W''~W~ i~17i£'~^i'£i channel. 



8.3.1 Combination Procedure 



A LEP combined W mass measurement is obtained from the results of the four experiments. To 
combine the measurements, a more detailed input than that given in Table 24 is required. Each 
experiment provides a W mass measurement for both W~^W~ ^qqiui and W"'"W~— >qqqq channels 
for each of the four years data taking (1996-1999), a total of 30 measurements (the L3 Collaboration 
provides results from the 1996 and 1997 data already combined). The subdivision into years enables a 
proper treatment of the correlated systematic uncertainty from the LEP beam energy and allows for the 
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possibility that the systematic uncertainties depend on the centre-of-mass energy and/or data-taking 
period. For each result a detailed breakdown of the sources of systematic uncertainty is provided and 
the correlations are specified. In the combination these inter-year, inter-channel and inter-experiment 
correlations are included. The main sources of correlated systematic errors are: colour reconnection, 
Bose-Einstein correlations, hadronisation, the LEP beam energy, and uncertainties from initial and 
final state radiation. The full correlation matrix for the LEP beam energy is employed [128[ . 

The four LEP collaborations give different estimates of the systematic errors arising from final state 
interactions, ranging from 30-66 MeV for colour reconnection and from 20-67 MeV for Bose-Einstein 
correlations. These spreads could be due to different experimental sensitivities to these effects or, 
alternatively, they could be a reflection of the different models used to assess the uncertainties. This 
question is addressed using common Monte Carlo samples with and without CR effects. These are 
passed through the full detector simulations of each of the four experiments. Studies of these samples 
demonstrate that the four experiments are equally sensitive to colour reconnection effects, i.e. when 
looking at the same CR model similar biases are seen by all experiments. For this reason a common 
value of the CR systematic uncertainty is used in the combination. For Bose-Einstein Correlations, no 
similar test is made of the respective experimental sensitivities. However, in the absence of evidence 
that the experiments have different sensitivities to the effect, a common value of the systematic 
uncertainty from BEC is assumed. In the combination a common colour reconnection error of 50 MeV 
and a common Bose-Einstein systematic uncertainty of 25 MeV are used. These uncertainties are 
representative of the numbers estimated by the four LEP collaborations. 



8.3.2 LEP Combined W Boson Mass 



The combined W mass from direct reconstruction, taking into account all correlations including those 
between the W^W~— >qqft7^ and W"'"W~^qqqq channels, years and experiments gives 

mwidirect) = 80.428 ± 0.030(stat.) ± 0.036(syst.) GeV, 

with a x^/d.o.f. of 27.1/29, corresponding to a probability of 57%. The weight of the fully hadronic 
channel in the combined fit is 0.27. The reduced weight is a consequence of the relatively large size of 



the current estimates of the systematic errors from CR and BEC. Table 25 gives a breakdown of the 
contribution to the total error of the systematic errors from different sources and the contribution to 
total error from statistics. The largest contribution to the systematic error comes from hadronisation 
uncertainties, which are treated as correlated between the two channels. In the absence of systematic 
effects the current LEP statistical precision on rn-w would be 25 MeV. The statistical error contribution 
to the total error from the LEP combination is larger than this (30 MeV) due to the significantly 
reduced weight of the fully hadronic channel. Table ^ also shows the error breakdown for W mass 
measurements from the two channels separately (described in the following section). 

In addition to the above results, the W boson mass is measured at LEP from the data recorded 
at threshold (10 pb~^/experiment) for W pair production: 

mwithreshold) = 80.40 ± 0.20(stat.) ± 0.07(syst.) ± 0.03(LEP) GeV. 

When this is combined with the much more precise results obtained from direct reconstruction one 
obtains a W mass measurement of 

mw = 80.427 ± 0.046 GeV. 

In combining the threshold and direct reconstruction measurements the only correlated systematic 
uncertainty is that from the LEP beam energy. 
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Source 


Systematic Error on rn^v (MeV) 






QQQQ 


Combined 


ISR/FSR 


8 


10 


8 


Hadronisation 


26 


23 


24 


Detector Systematics 


11 


7 


10 


LEP Beam Energy 


17 


17 


17 


Colour Reconnection 




50 


13 


Bose-Einstein Correlations 




25 


7 


Other 


5 


5 


4 


Total Systematic 


35 


64 


36 


Statistical 


38 


34 


30 


Total 


51 


73 


47 



Table 25: Error decomposition for the combined W mass results. Detector systematics include un- 
certainties in the jet and lepton energy scales and resolution. The 'Other' category refers to errors, 
all of which are uncorrelated between experiments, arising from: Monte Carlo statistics, background, 
four-fermion treatment, fitting and event selection. The error decomposition in the qq^^ and qqqq 
channels refers to the independent fits to the results from the two channels separately. 



8.3.3 Consistency Checks 

In addition to fitting for the combined W mass from the W'''W~— >qq£z7^ and W'''W~^qqqq channels, 
the difference between the W boson mass measurements obtained from the fully hadronic and semilep- 
tonic channels, Amw(qqqq — qq^^), can be determined. A significant non-zero value for Amw could 
indicate that FSI effects are biasing the value of mw determined from W+W~^qqqq events. Since 
Amw is primarily of interest as a check of the possible effects of final state interactions, the errors 
from CR and BEC are set to zero in its determination, giving: 

Amw(qqqq — qq^^) = +5 it 51 MeV. 

This result is obtained from a fit to the results of the four experiments taking into account correlations 
between: the experiments, the two channels and different years. This result is almost unchanged if the 
systematic part of the error on mw from fragmentation effects is considered as uncorrelated between 
experiments and channels, although the uncertainty increases by about 17%. The masses from the 
two channels obtained from this fit are 

mw(W+W-^qq£F^) = 80.427 ± 0.038(stat.) ± 0.035(syst.) GeV, 
mw(W+W-^qqqq) = 80.432 ± 0.034(stat.) ± 0.064(syst.) GeV. 

These two results are correlated having a correlation coefficient of 0.29. The value of x^/d-O-f is 
27.1/28, corresponding to a probability of 52%. These results and the correlation between them 
can be used to combine the two measurements or to form the mass difference. 

Experimentally, separate mw measurements are obtained from the W+W~— *-qq^^ and W"^W~— >-qqqq 
channels. The combination using only the qq^F^ measurements yields 

m^'^^^(W+W-^qq£l7^) = 80.429 ± 0.038(stat.) ± 0.035(syst.) GeV. 

This result is independent of the measurements in the W^W~^qqqq channel. The systematic error is 
dominated by fragmentation uncertainties (±26 MeV) and the uncertainty in the LEP centre-of-mass 
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energy (±17 MeV). The independent average over all qqqq measurements only gives 

m^''''^(W+W-^qqqq) = 80.424 ± 0.034(stat.) ± 0.064(syst.) GeV. 

where the dominant contributions to the systematic error arise from BE/CR (±56 MeV), fragmentation 
(±23 MeV) and from the uncertainty in the LEP centre-of-mass energy (±17 MeV). 



8.3.4 LEP Combined W Boson Width 



The method of direct reconstruction is also used for the direct measurement of the width of the W 
boson. The results of the four LEP experiments are shown in Table 



Experiment 


Lw/GeV 


ALEPH 
DELPHI 

L3 

OPAL 


2.17 ±0.16 ±0.12 
2.09 ±0.12 ±0.09 
2.19 ±0.14 ±0.16 
2.04 ±0.16 ±0.09 


Combined 


2.12 ±0.08 ±0.07 



Table 26: Preliminary W width measurements {^/s = 172 — 202 GeV) from the individual experiments. 
The first error is statistical and the second systematic. The ALEPH results at 192-202 GeV do not 
use the W"'"W~— >qqqq channel and the OPAL results do not include data recorded at centre-of-mass 
energies greater than 189 GeV. Only OPAL and L3 include data from 172 GeV. 



A simultaneous fit to the results of the four LEP collaborations is performed in the same way as 
for the mw measurement. Correlated systematic uncertainties are taken into account to give: 

Fw = 2.12 ± 0.08(stat.) ± 0.07(syst.) GeV, 

with a xVd.o.f. of 13.7/17. 

Currently no LEP combined value for Fw is obtained from the W^W~— >qqfF£ and W^W~— >qqqq 
channels separately. 



8.3.5 Summary 



The results of the four LEP experiments on the mass and width of the W boson are combined taking 
into account correlated systematic uncertainties, giving: 

mw = 80.427 ± 0.046 GeV, 
Fw = 2.12 ±0.11 GeV. 
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9 Single— W Production Cross Section 



Updates with respect to last summer: 

This is a new section. 

Prehminary single-W results for data collected at ^/s = 183-202 GeV are available. No preliminary 
analysis of the data collected in the year 2000 at ^/s > 200 GeV was prepared in time for the summer 
conferences. 

A common definition of the single-W production cross section is adopted, to allow direct compar- 
isons and the combination of the results obtained by the four experiments. Single-W production is 
defined by the complete f-channel subset of Feynman diagrams contributing to the euff final states, 
with additional cuts on kinematic variables to exclude the regions of the phase space dominated by 
multiperipheral diagrams, where the cross section calculation is affected by large uncertainties. The 
advantage of this definition is that a gauge invariant set of diagrams is taken, which has a small inter- 
ference with the s-channel one. In addition, no angular cuts due to the specific detector acceptances 
are used. 

The kinematic cuts used in the cross section definition are (charge conjugation is implied in the 
definition): 

• Mqq' > 45 GeV for the ez^qq' final states, 

• E£+ > 20 GeV for the ei'lu final states (with i = /U,r), 

• |cos(6'e-)| > 0.95, \cos{9e+)\ < 0.95, > 20 GeV for the ei/eu final state. 



The results of the single experiments and of the LEP average are summarised for the different 
centre-of-mass energies in Table 27. Given the statistical precision of the single-W measurements, 
results are combined assuming uncorrelated systematic errors between experiments and using expected 
statistical errors. 



Since winter 2000 conferences |129|, the only update concerns the addition of one theoretical 



prediction |13C] to the single-W production cross section curve as a function of the centre-of-mass 
energy for the hadronic final state, based on the exact treatment of the evolution of the energy scale 
for Oem 1 131 1 in the 4f matrix element. This evolution is only approximated (at the level of 1-2%) 



by one of the codes previously used | 132 |, and introduced by rescaling the cross section in one other 
code [133]. The data at -y/s = 183-202 GeV are compared with the theoretical predictions in Figure 



It should be remarked that all the theoretical predictions are scaled upward by 4% , since all codes 
implement QED radiative corrections (mainly due to initial state radiation) using the wrong energy 
scale s in the ISR structure functions which is not adequate for this process dominated by t-channel 
exchange diagrams. The correction factor of 4% is derived in [134j from a comparison of grc4f |135] 
and SWAP |136(| for different scales in the structure functions. Since this is only an approximation of 



the complete 0{a) correction for the single W process, a 100% uncertainty is conservatively assigned 
to this 4% correction. This constitutes the major part of the theoretical uncertainty currently assigned 
to the predictions (5%, as discussed in |134|), which is becoming a limiting factor for the extraction 
of triple gauge couplings from the single W events |137|. 
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Cross section (pb) 


xVd.o.f. 


(GeV) 


ALEPH 


DELPHI 


L3 


OPAL 


LEP 




182.67 


0.40 ±0.24 








0.50 ±0.16 


0.33/1 


188.63 
191.6 


0.31 ±0.14 
0.94 ± 0.44 


n 44+0-28 

'-'•'-'-'--0.07 


o.52+§:| 

0-85_o:37 


'-'•^"J-0.13 


0.46 ± 0.07 
0.73 ± 0.26 


1.71/3 
1.70/2 


195.5 


0.45 ±0.23 


o.78l°:l 


U.OD_Q 23 




0.60 ±0.15 


0.79/2 


199.5 


0.82 ±0.26 


16+0-29 

'-'•^-'3-0.17 


0.34i°:i 




0.45 ±0.15 


3.26/2 


201.6 


0.68 ±0.35 


^^+0-47 

U.OO_g 40 






0.80 ±0.22 


1.03/2 



Table 27: Single-W cross section for the hadronic decay of the W, from the four experiments and 
LEP combined value for the five centre-of-mass energies. All numbers are preliminary. 
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Figure 11: Measurements of the single-W production cross section in the hadronic decay channel of 
the W boson compared to the predictions of WTO, WPHACT and grc4f . The shaded area represents 
a ±5% uncertainty on the predictions. 
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10 Measurement of the ZZ Production Cross Section 



Updates with respect to last summer: 

All experiments have published results up to 189 GeV, new results at higher energies are available. 



At centre-of-mass energies above twice the Z boson mass, the production of pairs of Z bosons is 
possible. All experiments have published final results 
cross section at y/s 



liH on the Z~pair (NC02) production 

= 192-202 



183 and 189 GeV. L3 [142] has updated its preliminary results for 
GeV, whereas ALEPH |l4|, DELPHI and OPAL |l45| prehminary results are unchanged since 
the winter conferences. All experiments have provided preliminary results |94, 96 based on an 
integrated luminosity of approximately 90 pb^^ collected in the year 2000 at centre-of-mass energies 
between 200 and 208 GeV. 

The combination of results is performed using the expected statistical error of each analysis, to 
avoid biases due to the limited number of events selected. The following components of the systematic 
errors are considered correlated between experiments: 



±5% uncertainty on the 2-fermion background rate. 
±2% uncertainty on the WW background rate. 
±10% uncertainty on the Z''e"'"e~ background rate, 
the uncertainty on the b quark modelling. 



The common error ranges from 0.01 to 0.03 pb. 



The results of the single experiments and of the LEP average are summarised for the different 
centre-of-mass energies in Table 28. All results are preliminary, with the exception of those at y/s = 183 



and 189 GeV. The results are shown in Figure 12 as a function of the LEP centre-of-mass energy and 
compared to the YFSZZ |14(:] and ZZTO |147| predictions, which have an estimated uncertainty of 

for ^ = 183-202 GeV. The data do not 



±2% |134| . These results supersede those presented in [|l4j 
show any significant deviation from the theoretical expectations. 





Cross section (pb) 


xVd.o.f. 


(GeV) 


ALEPH 


DELPHI 


L3 


OPAL 


LEP 




182.67 


n 1 1 +u.it)* 

^•^-1-0.12 


0.38 ±0.18* 


p. Q-i +0.iY* 
'-'••JJ^-0.15 


p. 1 r)+0.20* 

'-'•■'-^-0.18 


0.23 ±0.08* 


2.28/3 


188.63 


U-O' -0.13 


0.60 ±0.15* 


n 7Q+0.15* 
'-3-0.14 


o.8oi[!-}f 


0.70 ± 0.08* 


0.92/3 


191.6 


U.OO_Q 27 


0.55 ±0.34 


n 97+0.20 
-0.23 


1 10+0.47 
-"^•^"3-0.41 


0.60 ±0.18 


2.99/3 


195.5 


U.DJ_o.20 


1.17 ±0.28 


1.11 ±0.23 


1 r,n + 0.29 


1.04 ±0.12 


3.43/3 


199.5 
201.6 


70+0-22 

n 7n+0-33 

''J-0.28 


1.08 ±0.26 
0.87 ±0.33 


1.19 ±0.24 
0.89t°:f7 




0.99 ±0.13 
0.88 ±0.18 


2.31/3 
0.57/3 


204.9 


0.86i°:i 


1.28 ±0.34 


0.56 ±0.28 


1 41+0.35 
-'^•^-'^-0.32 


1.00 ±0.15 


4.74/3 


206.7 


o.5il°:i 


1.11 ±0.42 


0.84 ±0.39 




0.70 ±0.21 


2.13/3 



Table 28: Z-pair production cross section from the four LEP experiments and combined values for the 
eight centre-of-mass energies. All results are preliminary with the exception of those indicated by *. 
A common systematic error of (0.01-0.03) pb is taken into account in the averaging procedure. 
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Figure 12: Measurements of the Z~pair production cross section compared to the predictions of YFSZZ 
and ZZTO. The shaded area represent a ±2% uncertainty on the predictions. 
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11 Electroweak Gauge Boson Couplings 



Updates with respect to last summer: 

This is a new section 



The W-pair production process, e'''e~ W^W~, involves the triple gauge boson vertices between the 
W^W^ and the Z or the photon. Up-to the end of 1999, more than 7000 W-pair events were collected 
by each experiment. Single W (ei^W) and single photon (I'i^j) production at LEP are sensitive to 
the WW7 vertex. The measurement of these charged triple gauge boson couplings and the search for 
possible anomalous contributions due to the effects of new physics beyond the Standard Model is one 
of the principal physics goals at LEP-II [149|. 



At centre-of-mass energies exceeding twice the Z boson mass, pair production of Z bosons is 
kinematically allowed. Here, one searches for the possible existence of triple vertices involving only 
neutral electroweak gauge bosons. Such vertices could also contribute to Z7 production. In contrast 
to triple gauge boson vertices with two charged gauge bosons, purely neutral gauge boson vertices do 
not occur in the Standard Model of electroweak interactions. 

Within the Standard Model, quartic electroweak gauge boson vertices with at least two charged 
gauge bosons exist. In e"'"e~ collisions at LEP-II centre-of-mass energies, the WWZ7 and WW77 
vertices contribute to WW7 and ui^'y'y production in s-channel and f-channel, respectively. The effect 
of the Standard Model quartic electroweak vertices is below the sensitivity of LEP-II. Thus, anomalous 
quartic vertices are searched for in the production of WW7 and Z/P77 but also Z77 final states. 

In this note we present the combination of results on electroweak gauge boson couplings based 
on the data collected by the four LEP experiments at LEP-II. Charged TGCs | 15C| -153|, neutral 



TGCs |154-159| as weh as QGCs [160-162| are combined. 



11.1 Charged Triple Gauge Boson Couplings 



The parametrisation of the charged triple gauge boson vertices is described in References |149, 163-165]. 
The most general Lorentz invariant Lagrangian which describes the charged triple gauge boson inter- 
action contains fourteen independent complex couplings, seven describing the WW7 vertex and seven 
describing the WWZ vertex. Assuming electromagnetic gauge invariance as well as CP conservation, 
the number of independent TGCs reduces to six. One common set is {gf, k^, k^, A^, Az, g^} where 
Qi = = = 1 and A^ = Az = g'f = in the Standard Model. Except , all these couplings also 
conserve C and P separately. 

The parameters proposed in [[L49| and used here are: 

Afff ^ fff-1, (23) 
Ak^ = - 1 , (24) 
A^ and g^ (25) 



with the gauge constraints: 



Akz = Kz — 1 = Agf — AK^tan^ (26) 
Az = A-,, (27) 
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where A indicates the deviation of the respective couphng from its Standard Model value of unity, 
and 6w is the weak mixing angle. The couplings are considered as real, with the imaginary parts fixed 
to zero. 



11.2 Neutral Triple Gauge Boson Couplings 



There are two possible anomalous triple vertices in the neutral sector. Each is parametrised by 
the most general Lorentz and C/(1)em invariant Lagrangian plus Bose symmetry, as described in 
References [164, 16£]. 



The first vertex refers to anomalous Z77 and ZZ7 couplings which are accessible at LEP in the 
process e''~e~ — > Z7. The parametrisation contains eight couplings: hf with i = 1, ...,4 and V = 7,Z. 
The superscript 7 refers to Z77 couplings and superscript Z refers to ZZ7 couplings. The photon and 
the Z boson in the final state are considered as on-shell particles, while the third boson at the triple 
vertex is off shell. The couplings hY and h2 are CP-odd while h]( and are CP-even. 

The second vertex refers to anomalous ZZ7 and ZZZ couplings which are accessible at LEP in 
the process e^e~ — > ZZ. This anomalous vertex is parametrised in terms of four couplings: with 
i = 4, 5 and V = 7,Z. The superscript 7 refers to ZZ7 couplings and the superscript Z refers to ZZZ 
couplings. Both Z bosons in the final state are assumed to be on-shell, while the third boson at the 
triple vertex is off-shell. The couplings fY are CP-odd whereas fY' are CP-even. 

Note that the hY and fY couplings are independent of each other. They are considered as real, 
with the imaginary parts fixed to zero. They vanish in the Standard Model at tree level. 



11.3 Quartic Gauge Boson Couplings 



Anomalous contributions to electroweak quartic vertices are considered in the framework of Refer- 



ences 1 170 -172 1 . Three lowest-dimensional operators leading to quartic vertices not causing anomalous 
TGCs are considered. The corresponding couplings are oq/A^, Oc/A^ and a^/A^, where A represents 
the energy scale of new physics. The couplings ao/A'^ and ad 1^ parametrise variations in the WW77 
and ZZ77 vertices, while an/^^ affects purely the WWZ7 vertex. The couplings cq/A^ and Cc/A^ 
conserve C and P, while the coupling a„/A^ is CP violating. The production of WW7 depends on 
all three couplings. The production of vv^^ and Z77 depends only on a^/h?' and Oc/A^, the former 
through the WW77 vertex, the latter through the ZZ77 vertex. The couplings are considered as real, 
with the imaginary parts fixed to zero. They vanish in the Standard Model at tree level. 



A more detailed description of QGCs has recently appeared [173|, in which it is suggested that the 



coupling ao/A^ and ad ^ describing the anomalous WW77 vertex should not be assumed to be the 
same couplings as those describing the anomalous ZZ77 vertex. The experimental results on these 
vertices are therefore also given separately. 



11.4 Measurements 



The results presented comprise measurements of all electroweak gauge boson couplings discussed 
above. In most cases, the results are based on the data collected at LEP-II until the end of 1999 at 
centre-of-mass energies up to 202 GeV. The experiments already combine different processes and final 
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states for each coupling. In each case, the individual references should be consulted for the details on 
the data samples used. 



For charged TGCs, the experimental analyses study different channels, typically the semileptonic, 
fully hadronic and fully leptonic W-pair decays |150|-153|. Anomalous TGCs affect both the total 



production cross section and the shape of the differential cross section as a function of the polar 
W~ production angle. The relative contributions of each helicity state of the W bosons are also 
changed, which in turn affects the distributions of their decay products. The analyses presented by 
each experiment make use of different combinations of each of these quantities. In general, however, 
all analyses use at least the expected variations of the total production cross section and the W~ 
production angle. Results from ez^W and production are included by some experiments. Single 
W production is particularly sensitive to k^, thus providing information complementary to that from 
W-pair production. 

For neutral TGCs, the analyses mainly use measurements of the total cross sections of Z7 and 
ZZ production, though the use of differential distributions increases the sensitivity. The individual 
references should be consulted concerning the details of the analyses for the hY couplings |154-15f:] 
and the couplings |157H159(| .P| 



For QGCs, the experiments investigate WW7, 1^1/77 and Z77 production. Besides the total cross 
section, the sensitive variables analysed are photon energies (WW7 and Z77) and recoil masses (ur^yy). 
Again, the individual references should be consulted for the details in the determination of the QGCs 
ao/A2, Oc/A^ and a^/A^ poHl6^. 



11.5 Combination Procedure 



The combination procedure is modified compared to previous LEP combinations of electroweak gauge 
boson couplings |jl, I74| in order to treat systematic uncertainties correlated between the experiments. 



Each experiment provides the negative log likelihood, — Alog£, as a function of the coupling 
parameters (one, two, or three) to be combined. The single parameter analyses are performed fixing 
the values of all other parameters to their Standard Model value. The two- and three-parameter 
analyses are performed setting the remaining parameters to their Standard Model value. For the 
charged TGCs, the gauge constraints listed in Section [11. 1| are always enforced. 

The — Alog£ functions from each experiment include statistical as well as all systematic un- 
certainties considered as uncorrelated between experiments. For both single- and multi-parameter 
combinations, the individual — Alog£ functions are added. It is necessary to use the — Alog£ func- 
tions directly for the combination as in some cases they are not parabolic, so that it is not possible to 
combine the results correctly by simply taking weighted averages of the measurements. 

The main contributions to the systematic uncertainties uncorrelated between experiments arise 
from detector effects, backgrounds in the selected samples, limited Monte Carlo statistics and the 
fitting methods. Their importance varies for each experiment and the individual references should be 
consulted for details. 

The systematic uncertainties arising from the following sources are treated as correlated between 



For quoting results on the fi couplings, DELPHI [157] uses a convention for the sign of fi opposite to that used by 



L3 1 158 1 and OPAL [15£]. For DELPHI and combined LEP results presented in this note, the DELPHI /j measurements 



are modified to conform to the same sign convention as used by L3 and OPAL. 
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the experiments: the uncertainty on the theoretical cross section prediction (W^W~, ez^W and Z7 
production), fragmentation effects (W^W~ production), and Bose-Einstein correlations and colour- 
reconnection effects (fully hadronic W-pair decays). While the correlated systematic uncertainties are 
small in Z7 production, they are sizeable for charged TGCs. In particular, the uncertainty on the 
theoretical cross section prediction for the ej^W process causes a large reduction in the sensitivity of 
this process to charged TGCs. For ZZ production, the uncertainty on the theoretical cross section 
prediction is small compared to the statistical accuracy and is neglected. For other sources of correlated 
systematic uncertainties, such as those arising from the LEP beam energy or the W mass, the effect 
of their correlation on the combination result is negligible. 

The correlated systematic uncertainties are applied by scaling the likelihood functions by the 
squared ratio of the statistical and uncorrelated systematic uncertainty over the total uncertainty 
including all correlated uncertainties. This procedure to treat correlations is an approximation in the 
case where the log-likelihood function is not parabolic. 

The one standard deviation uncertainties (68% confidence level) are obtained by taking the coupling 
values where — Alog£ = +0.5 above the minimum. The 95% confidence level (C.L.) limits are given 
by the coupling values where — Alog£ = +1.92 above the minimum. These cut-off values are used 
for obtaining the results of both single- and multi-parameter analyses reported here. Note that in 
the case of the neutral TGCs and the QGCs, double minima structures appear in the negative log- 
likelihood curves. For multi-parameter analyses, the 68% C.L. contour curves for any pair of couplings 
are obtained by requiring — Alog£ = +1.15, while for the 95% C.L. contour curves — Alog£ = +3.0 
is required. 



11.6 Results 



We present below results on combination of the four LEP experiments on the various electroweak gauge 
boson couplings. The results quoted individually for each experiment, summarised in Appendix^ are 
calculated using the method described in Section 11. 5| . Thus, they sometimes differ slightly from those 
reported in the individual references. 



11.6.1 Charged Triple Gauge Boson Couplings 



Results of the combination of charged triple gauge boson couplings are given in Tables 29, ^and 31 for 
the single, two and three-parameter analyses respectively. Individual — Alogi2 curves and their sum 
are shown in Figure 13 for the single-parameter analysis. The 68% C.L. and 95% C.L. contours curves 
resulting from the combinations of the two-dimensional likelihood curves are shown in Figure 14. 
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Parameter 


68% C.L. 


95% C.L. 




+0.05l°f, 


[-0.28, +0.36] 




-0.0251°:°^^ 


[-0.074, +0.028] 




U.UUZ_Q Qgg 


[-0.13, +0.13] 






[-0.089, +0.020] 



Table 29: Single-parameter analyses : the central values, 68% C.L. uncertainties and 95% C.L. intervals 
(— Alogi2 = 0.5, 1.92) obtained combining the results from the four LEP experiments. In each case 
the parameter listed is varied while the remaining ones are fixed to their Standard Model value. Both 
statistical and systematic uncertainties are included. 



Parameter 


68% C.L. 


95% C.L. 


Correlations 


Afff 


+0.053lHI^ 


[-0.10, +0.03] 
[-0.10, +0.21] 


1.00 -0.43 
-0.43 1.00 


A^f 

A. 

/ 


+0.0061^1 

U.UiO_(, 


[-0.072, +0.076] 

[-0.12, +0.03] 


1.00 -0.70 

-0.70 1.00 


Ak- 


-0 046+° °^^ 

U.U4D_o 031 


[-0.11, +0.02] 

[-0.09. +0.1G] 


1.00 -0.19 

-0.19 1.00 



Table 30: Two-parameter analyses : the central values, 68% C.L. uncertainties and 95% C.L. intervals 
(— Alog>C = 0.5, 1.92) obtained combining the results from the four LEP experiments. In each case 
the two parameters listed are varied while the remaining one is fixed to its Standard Model value. 
Both statistical and systematic uncertainties are included. Since the shape of the log-likelihood is 
not parabolic, there is some ambiguity in the definition of the correlation coefficients and the values 
quoted here are approximate. 



Parameter 


68% C.L. 


95% C.L. 


Correlations 


A<7! 


+0.02310-03? 
+0.0271°:°?^ 
-0.0671°:°^^ 


[-0.06, +0.10] 
[-0.11, +0.18] 
[-0.14, +0.02] 


1.00 -0.20 -0.66 
-0.20 1.00 -0.15 
-0.66 -0.15 1.00 



Table 31: Three-parameter analyses : the central values, 68% C.L. uncertainties and 95% C.L. inter- 
vals (— Alogi2 = 0.5, 1.92) obtained combining the results from ALEPH, L3 and OPAL. All three 
parameters listed are varied. Both statistical and systematic uncertainties are included. Since the 
shape of the log-likelihood is not parabolic, there is some ambiguity in the definition of the correlation 
coefficients and the values quoted here are approximate. 
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11.6.2 Neutral Triple Gauge Boson Couplings in Z7 Production 



Results of the combination of neutral triple gauge boson couplings in Z7 production are given in 

C.L. and 95% C.L. 



Tables 32 and 33 for the single, two-parameter analyses respectively. The oo/o 
contours curves resulting from the combinations of the two-dimensional likelihood curves are shown 



in Figure 15 



Parameter 


95% C.L. 


hi 


[-0.10, -F0.03] 


hi 


[-0.036, -hO.061] 


hi 


[-0.075, -0.004] 


hi 


[-F0.005, -F0.056] 


hi 


[-0.13, -h0.04] 


hi 


[-0.041, -F0.080] 


"-3 


[-0.16, -h0.07] 


hi 


[-0.04, -hO.lO] 



Table 32: Single-parameter analyses : The 95% C.L. intervals (— Alog£ = 1.92) obtained combining 
the results from DELPHI, L3 and OPAL. In each case the parameter listed is varied while the remain- 
ing ones are fixed to their Standard Model value. Both statistical and systematic uncertainties are 
included. 



Parameter 


95% C.L. 


Correlations 


h\ 

hi 


[-0.21, -hO.lO] 
[-0.11, -FO.IO] 


1.00 -F0.88 
-F0.88 1.00 


hi 
hi 


[-0.20, -h0.13] 
[-0.11, -F0.12] 


1.00 -F0.98 
-F0.98 1.00 


hi 
hi 


[-0.44, -F0.20] 
[-0.28, -h0.16] 


1.00 -F0.96 
-F0.96 1.00 


hi 

hi 


[-0.38, -F0.35] 
[-0.21, -hO.26] 


1.00 -F0.95 
-F0.95 1.00 



Table 33: Two-parameter analyses : The 95% C.L. intervals (— Alog£ = 1.92) obtained combining 
the results from DELPHI and L3. In each case the two parameters listed are varied while the re- 
maining ones are fixed to their Standard Model value. Both statistical and systematic uncertainties 
are included. Since the shape of the log-likelihood is not parabolic, there is some ambiguity in the 
definition of the correlation coefficients and the values quoted here are approximate. 
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11.6.3 Neutral Triple Gauge Boson Couplings in ZZ Production 



Results of the combination of neutral triple gauge boson couplings in ZZ production are given in 

C.L. and 95% C.L. 



Tables 34 and 35 for the single, two-parameter analyses respectively. The oo/o 
contours curves resulting from the combinations of the two-dimensional likelihood curves are shown 



in Figure 16 



Parameter 


95% C.L. 


fl 


[-0.41, -F0.39] 


fi 


[-0.66, -hO.68] 


f2 


[-0.89, +QM] 


fi 


[-1.1, +0.5] 



Table 34: Single-parameter analyses : The 95% C.L. intervals (— Alog£ = 1.92) obtained combining 
the results from DELPHI, L3 and OPAL. In each case the parameter listed is varied while the remain- 
ing ones are fixed to their Standard Model value. Both statistical and systematic uncertainties are 
included. 



Parameter 


95% C.L. 


Correlations 


fl 


[-0.40, +0.38] 


1.00 +0.88 


fi 


[-0.66, +0.68] 


+0.88 1.00 


f2 


[-0.88, +0.86] 


1.00 -0.52 


fi 


[-1.1, +0.7] 


-0.52 1.00 



Table 35: Two-parameter analyses : The 95% C.L. intervals (— Alog£ = 1.92) obtained combining 
the results from DELPHI, L3 and OPAL. In each case the two parameters listed are varied while the 
remaining ones are fixed to their Standard Model value. Both statistical and systematic uncertainties 
are included. Since the shape of the log-likelihood is not parabolic, there is some ambiguity in the 
definition of the correlation coefficients and the values quoted here are approximate. 
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11.6.4 Quartic Gauge Boson Couplings 



The individual — A log H curves and their sum are shown in Figure ^ for the WW7 and channels. 
The results of the combination are given in Table 



Parameter 
[GeV-2] 


95% C.L. 


ao/A^ 


[-0.037, +0.036] 


ac/A2 


[-0.077, +0.095] 


fln/A^ 


[-0.45, +0.41] 


ao/A2 


[-0.0048, +0.0056] 


ae/A2 


[-0.0052, +0.0099] 



Table 36: The 95% C.L. intervals (— Alog£ = 1.92) obtained combining the results from ALEPH, 
L3 and OPAL. In each case the parameter listed is varied while the remaining ones are fixed to their 
Standard Model value. Both statistical and systematic uncertainties are included. Top: WW7 and 
2/^77. Bottom: Z77. 



11.7 Conclusions 



The existence of triple gauge boson couplings among the electroweak gauge bosons is experimentally 
verified. No significant deviation from the Standard Model predictions is seen for any of the electroweak 
gauge boson couplings investigated. As an example, these data allow the Kaluza-Klein theory [175], 
in which = —2, to be excluded [176]. 
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Figure 13: The — Alog£ curves of the four experiments (dashed hues) and the LEP combined 
curve (sohd hue) for the three charged TGCs Agrf, Ak^ and X^. In each case, the minimal value is 
subtracted. 
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Figure 14: Contour curves of 68% CL. and 95% CL. in the planes (A(7f , Ak^), {Agf, A^), (A^, Ak^) 
showing the LEP combined results. 
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Fieure 15: Contour curves of 68% CL. and 95% CL. in the planes {h'l,h1), {h1,hj), {hf,h^) and 
{h§,hf) showing the LEP combined results. 
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Figure 16: Contour curves of 68% C.L. and 95% C.L. in the planes {fjjff) and {f^,f^) showing 
the LEP combined results. 
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Figure 17: The — Alog£ curves of ALEPH, L3 and OPAL, and the LEP combined curve for the 
QGCs derived from WW7 and vv^^ production. In each case, the minimal value is subtracted. 
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12 Interpretation of Results 



Updates with respect to last summer: 

Results on sin^O^^^^ from asymmetries are averaged for leptonic and hadronic cliannels separately. A 
new fit for the top mass is performed where all data except the direct measurement of mt is included. 



12.1 Number of Neutrino Species 

An important aspect of our measurement concerns the information related to Z decays into invisible 
channels. Using the results of Table ^, the ratio of the Z decay width into invisible particles and the 
leptonic decay width is determined: 

Ti^^/Tu = 5.942 ±0.016. (28) 

The Standard Model value for the ratio of the partial widths to neutrinos and charged leptons is: 

(r^^/r«)sM = 1.9912 ±0.0012. (29) 

The central value is evaluated for mz = 91.1875 GeV and the error quoted accounts for a variation of 
mt in the range mt = 174.3 ±5.1 GeV and a variation of mn in the range 100 GeV < mn < 1000 GeV. 
The number of light neutrino species is given by the ratio of the two expressions listed above: 

= 2.9841 ± 0.0083, (30) 

which is 2 standard deviations below the expected value of 3. 

Alternatively, one can assume 3 neutrino species and determine the width from additional invisible 
decays of the Z. This yields 

AFinv = -2.7±1.6MeV. (31) 

The measured total width is below the Standard Model expectation. If a conservative approach is 
taken to limit the result to only positive values of AFinv, then the 95% CL upper limit on additional 
invisible decays of the Z is 

AFinv < 2.0 MeV. (32) 

The uncertainties on Ni, and AFinv are dominated by the theoretical error on the luminosity. These 
results have therefore improved due to the improved theoretical calculations on Bhabha scattering . 

12.2 The Coupling Parameters A.f 

The coupling parameters are defined in terms of the effective vector and axial- vector neutral current 
couplings of fermions (Equation (§)). The LEP measurements of the forward-backward asymmetries 
of charged leptons (Section ^) and b and c quarks (Section ^) determine the products Ap^ = ^AeAf 
(Equation (^)). The LEP measurements of the r polarisation (Section ^), Vt{cos9), determine At 
and separately (Equation (^)). 
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Ae 


Cumulative Average 


xVd.o.f. 


^FB 

7^^ (cos 6*) 


0.1512 ±0.0042 
0.1464 ±0.0032 


0.1482 ±0.0025 


0.8/1 


Ai (SLD) 


0.1513 ±0.0021 


0.1500 ±0.0016 


1.7/2 



Table 37: Determination of the leptonic coupling parameter Ai assuming lepton universality. The 
second column hsts the Ai values derived from the quantities listed in the first column. The third 
column contains the cumulative averages of these Ai results. The averages are derived assuming no 
correlations between the measurements. The P^r degree of freedom for the cumulative averages is 
given in the last column. 





LEP 


SLD 


LEP±SLD 


Standard 




{Ai = 0.1482 ±0.0025) 




{Ai = 0.1500 ± 0.0016) 


Model fit 




0.890 ± 0.024 


0.922 ±0.023 


0.898 ±0.015 


0.935 




0.619 ±0.035 


0.631 ±0.026 


0.623 ± 0.020 


0.668 



Table 38: Determination of the quark coupling parameters and Ac from LEP data alone (using the 
LEP average for Ai), from SLD data alone, and from LEP±SLD data (using the LEP±SLD average 
for Ai) assuming lepton universality. 



Table 37 shows the results for the leptonic coupling parameter Ai from the LEP and SLD mea- 



surements, assuming lepton universality. 

Using the measurements of Ai one can extract A^ and Ac from the LEP measurements of the b 
and c quark asymmetries. The SLD measurements of the left-right forward-backward asymmetries 



for b and c quarks are direct determinations of and Table 38 shows the results on the quark 
coupling parameters ^b and derived from LEP or SLD measurements separately (Equations ^ 
and p!^ ) and from the combination of LEP±SLD measurements (Equation [l8| ). The LEP extracted 
values of ^b and in excellent agreement with the SLD measurements, and in reasonable agreement 
with the Standard Model predictions (0.935 and 0.668, respectively, essentially independent of mt and 
mn). The combination of LEP and SLD of ^b and Ac are 2.5 and 2.3 sigma below the Standard 
Model respectively. This is mainly because the ^b value deduced from the measured and the 
combined Ai is low compared to both the Standard Model and the direct measurement of A\,, this 
can also be seen in Figure ll^. 



12.3 The Effective Vector and Axial- Vector Coupling Constants 



The partial widths of the Z into leptons and the lepton forward-backward asymmetries (Section ^), the 
r polarisation and the r polarisation asymmetry (Section ^) are combined to determine the effective 
vector and axial-vector couplings for e, and r. The asymmetries (Equations (P) and (P)) determine 
the ratio gvi/dAe (Equation (|^), while the leptonic partial widths determine the sum of the squares 
of the couplings: 

ru = ^{9'vi + 9li){l + Sf'^''), (33) 
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Figure 18: The measurements of the combined LEP+SLD Ai (vertical band), SLD Ah,Ac (horizontal 
bands) and LEP Ap^,Ap^ (diagonal bands), compared to the Standard Model expectations (arrows). 
The arrow pointing to the left shows the variation in the SM prediction for /tt-h in the range SOO^Jgy 
GeV, and the arrow pointing to the right for mt in the range 174.3 it 5.1 GeV. Although the Ap^ 
measurements prefer a high Higgs mass, the Standard Model fit to the full set of measurements prefers 
a low Higgs mass, for example because of the influence of Ae- 



where Sf^^ = 3g|a(m|)/(47r) accounts for final state photonic corrections. Corrections due to lepton 
masses, neglected in Equation ra, are taken into account for the results presented below. 



The averaged results for the effective lepton couplings are given in Table for both the LEP data 



alone as well as for the LEP and SLD measurements. Figure 19 shows the 68% probability contours 
in the gAe-Qve plane for the individual lepton species from the LEP data. The signs of gAi and gyi are 
based on the convention g^e < 0. With this convention the signs of the couplings of all charged leptons 
follow from LEP data alone. For comparison, the gve-gAi relation following from the measurement of 



Ae from SLD 177 | is indicated as a band in the gA£-5y£-plane of Figure 19. The measured ratios of 
the e, n and r couplings provide a test of lepton universality and are shown in Table All values 
are consistent with lepton universality. The combined results assuming universality are also given in 
the table and are shown as a solid contour in Figure |l^. 



The neutrino couplings to the Z can be derived from the measured value of the invisible width of the 
Z, Finv (see Table §), attributing it exclusively to the decay into three identical neutrino generations 
(Tinv = 3rjyjy) and assuming gAu = gvu = gu- The relative sign of g^ is chosen to be in agreement with 
neutrino scattering data [178|, resulting in gi, = +0.50068 ± 0.00075. 
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Figure 19: Contours of 68% probability in the gvfrdAe plane from LEP measurements. Also shown is 
the one standard deviation band resulting from the Ai measurement of SLD. The solid contour results 
from a fit to the LEP and SLD results assuming lepton universality. The shaded region corresponds 
to the Standard Model prediction for = 174.3 it 5.1 GeV and ttt-h = SOO^^^g^ GeV. The arrows 
point in the direction of increasing values of mt and ttih. 
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Without Lepton Universality: 




T FP 




9Ve 


— U.Uo/o it U.UUii 


— U.UooUy it U.UUU4/ 


gvfj. 


-0.0376 ±0.0031 


-0.0360 ± 0.0024 


9Vt 


-0.0367 ±0.0010 


-0.0364 ± 0.0010 




-0.50112 ±0.00035 


-0.50111 ±0.00035 


9Aii 


-0.50115 ±0.00056 


-0.50120 ± 0.00054 


9At 


-0.50205 ± 0.00064 


-0.50204 ± 0.00064 




Ratios of couplings: 




LEP 


LEP±SLD 


yVfii yve 


0.995 ± 0.093 


0.962 ±0.062 


O^/n- / 0\/r^ 


0.972 ± 0.039 


0.958 ± 0.029 


Q All / Q Ao 


1.0001 ± 0.0014 


1.0002 ±0.0014 


QAt QAo 


1.0018 ±0.0015 


1.0019 ±0.0015 




With Lepton 


Universality: 




LEP 


LEP±SLD 


9VI 


-0.03734 ± 0.00065 


-0.03782 ± 0.00040 


9Al 


-0.50126 ±0.00026 


-0.50123 ± 0.00026 


9u 


±0.50068 ± 0.00075 


±0.50068 ± 0.00075 



Table 39: Results for the effective vector and axial- vector couplings derived from the combined LEP 
data without and with the assumption of lepton universality. For the right column the SLD measure- 
ments of ^Lpj^, ■A^ and At are also included. 

12.4 The Effective Electroweak Mixing Angle sin^0|,^* 

The asymmetry measurements from LEP and SLD can be combined into a single observable, the 
effective electroweak mixing angle, sin^^^g**, defined as: 



-(1 

4 V 9AiJ 



gve\ 



(34) 



without making strong model-specific assumptions. 



For a combined average of s\v?6^^^^ from ^pg. At and only the assumption of lepton universality, 
already inherent in the definition of sin^^gg'*, is needed. Also the value derived from the measurements 
of Ai from SLD is given. We can also include the hadronic forward-backward asymmetries if we assume 
the quark couplings to be given by the Standard Model. This is justified within the Standard Model 
as the hadronic asymmetries and ^pg have a reduced sensitivity to corrections particular to the 
quark vertex. The results of these determinations of sin^^'T* and their combination are shown in 



Table 4C and in Figure 20. The combinations based on leptonic and hadronic results show a difference 
of 3.0 sigma, mainly caused by the two most precise measurements of sin^^^^*, ^lr (SLD) and ^pg 



(LEP). This is the same effect as discussed in section 12. 2| and shown in Figure 18 
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fb 
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fb 



<Qfb> 



Average 



10^-1 
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CD 
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^ 10 2- 
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Preliminary 
0.23099 ± 0.00053 
0.231 92 ±0.00053 
0.2311 7 ±0.00061 
0.23098 ± 0.00026 
0.23225 ± 0.00036 
0.23262 ± 0.00082 
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Figure 20: Comparison of several determinations of sin^^^*^* from asymmetries. In the average, the 
smah correlation between Ap^ and is included. Also shown is the prediction of the Standard 
Model as a function of mn. The width of the Standard Model band is due to the uncertainties in 
^'^had(™'z) (s^^ Section 12.5 ), as(m|) and mt- The total width of the band is the linear sum of these 
effects. 
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Average by Group 
of Observations 


Cumulative 
Average 


xVd.o.f. 


^FB 


0.23099 ± 0.00053 
0.23192 ± 0.00053 
0.23117 ±0.00061 


0.23138 ± 0.00032 


0.23138 ± 0.00032 


1.7/2 


A (SLD) 


0.23098 ± 0.00026 


0.2.3098 ± 0.00026 


0.23111 ± 0.00020 


2.6/3 


^FB 
^FB 

(Qfb) 


0.23225 ± 0.00036 
0.23262 ± 0.00082 
0.2321 ± 0.0010 


0.23228 ± 0.00032 


0.23146 ± 0.00017 


11.9/6 



Table 40: Determinations of s\t?6^^^ from asymmetries. The second column lists the s\v?6^^^ values 
derived from the quantities listed in the first column. The third column contains the averages of these 
numbers by groups of observations, where the groups arc separated by the horizontal lines. The fourth 
column shows the cumulative averages. The per degree of freedom for the cumulative averages is 
also given. The averages have been performed including the small correlation between and Apg. 
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12.5 Constraints on the Standard Model 



The precise electroweak measurements performed at LEP and SLC and elsewhere can be used to 
check the validity of the Standard Model and, within its framework, to infer valuable information 
about its fundamental parameters. The accuracy of the measurements makes them sensitive to the 
mass of the top quark nit, and to the mass of the Higgs boson mn through loop corrections. While 
the leading nit dependence is quadratic, the leading mn dependence is logarithmic. Therefore, the 
inferred constraints on mn are not very strong. 



The LEP and SLD |177| measurements used are summarised in Table 41 together with the results 
of the Standard Model fit. Also shown are the results of measurements of m-w from UA2 |179(|, 



CDF 11^,1181, and D0 |8|0, measurements of the top quark mass by CDF |T8| and D0 p^H 
and measurements of the neutrino- nucleon neutral to charged current ratios from CCFR |187| | and 

radiative 



NuTeV [188]. Although these latter results are quoted in terms of sin 9w 



m 



w 



/m 



2 

Z' 



corrections result in small rrit and mn dependence^ that are included in the fit. In addition, the value 
of the electromagnetic coupling constant a(m|), which is used in the fits, is shown. An additional 
input parameter, not shown in the table, is the Fermi constant Gp, determined from the ^ lifetime, 
Gf = (1.16637 ± 0.00001) x lO^^GeV"^ |89|. The relative error of Gp is comparable to that of mz; 



both errors have negligible effects in the fit results. 



Detailed studies of the theoretical uncertainties in the Standard Model predictions due to missing 
higher-order electroweak corrections and their interplay with QCD corrections have been carried out in 



the working group on 'Precision calculations for the Z resonance' |192]. Theoretical uncertainties are 
evaluated by comparing different but, within our present knowledge, equivalent treatments of aspects 
such as resummation techniques, momentum transfer scales for vertex corrections and factorisation 
schemes. The effects of these theoretical uncertainties have been reduced by the inclusion of higher- 

The use of the new QCD corrections 



order corrections |19S, 194 1 in the electroweak libraries [|19^ 
[194| increases the value of as(?^|) by 0.001, as expected. The effects of missing higher-order QCD 



corrections on as{m^) covers missing higher-order electroweak corrections and uncertainties in the 



interplay of electroweak and QCD corrections and is estimated to be about 0.002 [196|. A discussion 
of theoretical uncertainties in the determination of Os can be found in References |192| and |196| . For 
the moment, the determination of the size of remaining theoretical uncertainties is still under study. 



All theoretical errors discussed in this paragraph are neglected for the results presented in Table 42 



At present the impact of theoretical uncertainties on the determination of SM parameters from 
the precise electroweak measurements is small compared with the error due to the uncertainty in the 
value of a(m|). The uncertainty in a(m|) arises from the contribution of light quarks to the photon 
vacuum polarisation (Aa|^^''^(m|)): 



a(m|) 



a(0) 



1 - Aa^(m|) 



Aatop{m- 



(35) 



The top contribution depends on the mass of the top quark, and is therefore determined inside 
the electroweak libraries |195| . The leptonic contribution is calculated to third order [191] to be 
0.031498. For the hadronic contribution, we use the value 0.02804 ± 0.00065 
l/a(5)(m|) = 128.878 ± 0.090. 



[190[, which results in 
This uncertainty causes an error of 0.00023 on the Standard Model 



^"See Reference |L83| for a combination of these mw measurements 
See Reference [LSq for a combination of these mt measurements. 

^^The formula used is ^sin^ Ow = -0.00142'"' 



(lOOGcV)-i 



+ 0.00048 In (yg^gjy). See Reference for details 
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Measurement with 
Total Error 



Systematic 
Error 



Standard 
Model fit 



Pull 



AafidK) mm 



0.02804 ± 0.00065 



0.00064 



0.02804 



0.0 



LEP 

line-shape and 

lepton asymmetries: 

mz [GeV] 

Pz [GeV] 

< [nb] 

Re 

^FB 

+ correlation matrix Table 
r polarisation: 

qq charge asymmetry: 



sm 



2/ilcpt 



HQfb)) 
my^ [GeV] 



91.1875 ±0.0021 
2.4952 ± 0.0023 
41.540 ±0.037 
20.767 ± 0.025 
0.0171 ±0.0010 



0.1439 ± 0.0042 
0.1498 ± 0.0048 

0.2321 ±0.0010 
80.427 ± 0.046 



WO.0017 
(°)0.0012 
Wo. 028 
(^^0.007 
(^)0.0003 



0.0026 
0.0009 

0.0008 
0.035 



91.1874 
2.4962 
41.480 
20.740 
0.0164 



0.1480 
0.1480 

0.23140 
80.402 



0.0 

-0.4 
1.6 
1.1 
0.8 



-1.0 
0.4 

0.7 
0.5 



b) SLD |177| 



sm 



2fllcpt 



{At 



0.23098 ± 0.00026 



0.00018 



0.23140 



-1.6 



c) LEP and SLD Heavy Flavour 



Rc 
.o,b 

^FB 
.0,c 
^FB 

Ar 



± correlation matrix Table 10 



0.21653 ± 0.00069 
0.1709 ± 0.0034 
0.0990 ± 0.0020 
0.0689 ± 0.0035 
0.922 ± 0.023 
0.631 ± 0.026 



0.00053 

0.0022 

0.0009 

0.0017 

0.016 

0.016 



0.21578 

0.1723 

0.1038 

0.0742 

0.935 

0.668 



1.1 
-0.4 
-2.4 
-1.5 
-0.6 
-1.4 



d) pp and z^N 

mw [GeV] (pp |l8|) 



m 



w 



/m 



mt [GeV] (pp m 



80.452 ± 0.062 
0.2255 ±0.0021 
174.3 ±5.1 



0.050 

0.0010 

4.0 



80.402 
0.2226 
174.3 



0.8 
1.2 
0.0 



Table 41: Summary of measurements included in the combined analysis of Standard Model 
parameters. Section a) summarises LEP averages, Section b) SLD results {sin^O^^^^ includes j4lr and 
the polarised lepton asymmetries), Section c) the LEP and SLD heavy flavour results and Section d) 
electroweak measurements from pp colliders and i^N scattering. The total errors in column 2 include 
the systematic errors listed in column 3. Although the systematic errors include both correlated and 
uncorrelated sources, the determination of the systematic part of each error is approximate. The 
Standard Model results in column 4 and the pulls (difference between measurement and fit in units 
of the total measurement error) in column 5 are derived from the Standard Model fit including all 
data (Table column 5) with the Higgs mass treated as a free parameter. 

(i)xhe systematic errors on mz and Tz contain the errors arising from the uncertainties in the LEP energy 
only. 

(^'Only common systematic errors are indicated. 



prediction of sin^^^^ , an error of 1 GeV on m-t, and 0.2 on log(mH), which are included in the 
results. The effect on the Standard Model prediction for r« is negligible. The as("^|) values for the 
Standard Model fits presented in this Section are stable against a variation of a(m|) in the interval 
quoted. 

At the ICHEP 2000 conference in Osaka, the BES collaboration reported on new preliminary 
measurements of the hadronic cross section in electron-positron collisions at 2 to 5 GeV centre-of- 
mass energy |197[|. With these data, the hadronic vacuum polarisation is determined with improved 



precision: AaiJd(m|) = 0.02755 ± 0.00046 ll9§. To show the effects of the uncertainty of a(m|), 



we also use this evaluation of the hadronic vacuum polarisation. There are also several evaluations of 
^'^had("^z) [|19C| , |199| - |207t| which are more theory driven. The most recent of these (Reference |206|) 
also includes the new preliminary results from BES. All these evaluations obtain values for Aa|j^^^(m|) 
consistently lower than the old value of 0.02804 it 0.00065. 



Figure 21 shows a comparison of the leptonic partial width from LEP (Table |^ and the effective 
electroweak mixing angle from asymmetries measured at LEP and SLD (Table ^0|), with the Stan- 
dard Model. Good agreement with the Standard Model prediction is observed. The point with the 
arrow shows the prediction if among the electroweak radiative corrections only the photon vacuum 
polarisation is included, which shows an example of evidence that LEP-I-SLD data are sensitive to 
electroweak corrections. Note that the error due to the uncertainty on a(m|) (shown as the length of 
the arrow) is larger than the experimental error on sin^^gg'* from LEP and SLD. This underlines the 
growing importance of a precise measurement of a{e'^e~ — > hadrons) at low centre-of-mass energies. 

Of the measurements given in Table Re is one of the most sensitive to QCD corrections. For 
mz = 91.1875 GeV, and imposing mt = 174.3±5.1 GeV as a constraint, Os = 0.123±0.004 is obtained. 
Alternatively, (see Table ^) which has higher sensitivity to QCD corrections and less dependence 
on mn yields : as = 0.118 it 0.003. Typical errors arising from variation ttih are of the order of 
0.001, somewhat smaller for a^. These results are in very good agreement with the world average 
(a,(m|) = 0.119 ± 0.002 []107| ). 

To test the agreement between the LEP data and the Standard Model, a fit to the data (including 
the LEP-II mw determination) leaving the top quark mass and the Higgs mass as free parameters 
is performed. The result is shown in Table column 1. This fit shows that the LEP data prefer 
a light top quark and a light Higgs boson, albeit with very large errors. The strongly asymmetric 
errors on ttih are due to the fact that to first order, the radiative corrections in the Standard Model 
are proportional to log(mH). The correlation between the top quark mass and the Higgs mass is 0.63 



(see Figure |22D . 



The data can also be used within the Standard Model to determine the top quark and W masses 
indirectly, which can be compared to the direct measurements performed at the pp colliders and LEP. 



In the second fit, all the results in Table 41, except the LEP-II and pp colliders mw and mt results 
are used. The results are shown in column 2 of Table The indirect measurements of mw and mt 
from this data sample are shown in Figure |2^, compared with the direct measurements. Also shown 
is the Standard Model predictions for Higgs masses between 113 and 1000 GeV. As can be seen in 
the figure, the indirect and direct measurements of mw and m^ are in good agreement, and both sets 
prefer a low Higgs mass. 

For the third fit, the direct mt measurements is used to obtain the best indirect determination of 
mw- The result is shown in column 3 of Table Also here, the indirect determination of W boson 
mass 80.386 it 0.025 GeV is in excellent agreement with the combination of direct measurements from 



LEP and pp colhders |8| of mw = 80.436 ± 0.037 GeV. 
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For the next fit, (column 4 of Table 
are included to obtain mt 
mt = 174.3 ±5.1 GeV. 



174.4+lf 



the direct mw measurements from LEP and pp colliders 
GeV, in good agreement with the direct measurement of 



Finally, the best constraints on mn are obtained when all data are used in the fit. The results 

In Figures 



of this fit are shown in column 5 of Table ^ and in Figure |2^. In Figures ^ and |25| the sensitivity 
of the LEP and SLD measurements to the Higgs mass is shown. As can be seen, the most sensitive 
measurements are the asymmetries. A reduced uncertainty for the value of a(m|) would therefore 



result in an improved constraint on mu, as shown in Figures 21 and 26 



In Figure Eg the observed value of Ax^ 



as a function of mn is plotted for the fit 



including all data. The solid curve is the result using ZFITTER, and corresponds to the last column 



of Table The shaded band represents the uncertainty due to uncalculated higher-order corrections, 
as estimated by ZFITTER and TOPAZO. The 95% confidence level upper limit on ttt-h (taking the 
band into account) is 165 GeV. The lower limit on mn of approximately 113 GeV obtained from 



direct searches |208[ has not been used in this limit determination. Also shown is the result (dashed 



curve) obtained when using a(^^(m|) of Reference 198. The fit results in log(mH/GeV) = 1.94 
corresponding to mn 



-60 

-37 



hO.22 
-0.24 



GeV and an upper limit on ttt-h of approximately 206 GeV. 





- 1 - 


- 2 - 


- 3 - 


- 4 - 


- 5 - 




LEP including 
LEP-II mw 


all data except 
mw and mt 


all data except 
mw 


all data except 
mt 


all data 


mt [GeV] 
mn [GeV] 
log(r?TH/GeV) 
as(m|) 


179113 

9 -I O-I-0.47 
^•-'-"J-0.41 

0.120 ±0.003 


1691^0 

J^- '3-0.29 

0.119 ±0.003 


74+68 

1 07+0. 28 

0.119 ±0.003 


174.4l|^ 

1 70-1-0.41 

0.118 ±0.003 


174.3ltf 

60li 
1 70-1-0.27 

'^■'0-0.28 

0.118 ±0.003 


xVd.o.f. 


13/9 


19/12 


20/13 


21/14 


21/15 




0.23167 


0.23147 


0.23147 


0.23140 


0.23140 




±0.00020 


±0.00017 


±0.00017 


±0.00016 


±0.00016 




0.2229 


0.2231 


0.2229 


0.2226 


0.2226 




±0.0006 


±0.0007 


±0.0005 


±0.0005 


±0.0004 


mw [GeV] 


80.383 ± 0.029 


80.374 ± 0.034 


80.386 ± 0.025 


80.402 ± 0.025 


80.402 ± 0.020 



Table 42: Results of the fits to LEP data alone, to all data except the direct determinations of mt 
and mw (pp collider and LEP-II), to all data except direct mw determinations, and to all data. As 
the sensitivity to mH is logarithmic, both mH as well as log(mH/GeV) are quoted. The bottom part of 
the table lists derived results for sin^^gg"*, 1 — m^/m| and mw- See text for a discussion of theoretical 
errors not included in the errors above. 
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13 Prospects for the Future 



Most of the measurements from data taken at or near the Z resonance, both at LEP as well as at 
SLC, that arc presented in this report are either final or are being finalised. The major improvements 
will therefore take place in the high energy data. With more than 600 pb~^ per experiment, LEP-II 
will lead to substantially improved measurements of certain electroweak parameters. As a result, the 
measurements of mw are likely to match the error obtained via the radiative corrections of the Z 
data, providing a further important test of the Standard Model. In the measurement of the WW7 
and WWZ triple-gauge-boson couplings the increase in LEP-II statistics, together with the increased 
sensitivity at higher beam energies, will lead to an improvement in the current precision. 



14 Conclusions 



The combination of the many precise electroweak results yields stringent constraints on the Standard 
Model. All measurements agree with the predictions. In addition, the results are sensitive to the 
Higgs mass. 

The experiments wish to stress that this report reflects a preliminary status at the time of the 
2000 summer conferences. A definitive statement on these results must wait for publication by each 
collaboration. 
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Figure 21: LEP-I+SLD measurements of sin^O^g^ (Table ^0|) and (Table ^ and the Standard Model 
prediction. The point shows the predictions if among the electroweak radiative corrections only the 
photon vacuum polarisation is included. The corresponding arrow shows variation of this prediction 
if a{m\) is changed by one standard deviation. This variation gives an additional uncertainty to the 
Standard Model prediction shown in the figure. 
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Figure 22: The 68% confidence level contours in mt and ttt-h for the fits to LEP data only (dashed 
curve) and to all data including the CDF/D0 mt measurement (solid curve). The vertical band shows 
the 95% CL exclusion limit on mn from the direct search. 
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Figure 23: The comparison of the indirect measurements of mw and nit (LEP-I+SLD+i^N data) 
(soHd contour) and the direct measurements (pp colhders and LEP-II data) (dashed contour). In both 
cases the 68% CL contours are plotted. Also shown is the Standard Model relationship for the masses 
as a function of the Higgs mass. 
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Preliminary 




Figure 24: Comparison of LEP-I measurements with the Standard Model prediction as a function of 
TTiH- The measurement with its error is shown as the vertical band. The width of the Standard Model 
band is due to the uncertainties in Aaj^g^^(m|), asirn^) and rrit. The total width of the band is the 
linear sum of these effects. See Figure for the definition of these uncertainties. 
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Preliminary 
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A, (SLD) 

Figure 25: Comparison of LEP-I measurements with the Standard Model prediction as a function of 
"^H (c./. Figure ^). Also shown is the comparison of the SLD measurement of ^lr with the Standard 
Model. 
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Figure 26: Ax^ 



us. 



mn curve. The line is the result of the fit using all data (last column 



of Table 42); the band represents an estimate of the theoretical error due to missing higher order 
corrections. The vertical band shows the 95% CL exclusion limit on mjj from the direct search. The 



dashed curve is the result obtained using the evaluation of IS.a^^^{rn^ from Reference 198 
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Appendix 



A Heavy-Flavour Fit including OfF-Peak Asymmetries 



The fuh 18 parameter fit to the LEP and SLD data gave the following results: 



P(c ^ D*+) X BR(D* 



Q 


— 


0.21652 ± 0.00069 


Rc 


= 


0.1702 ± 0.0034 




= 


0.0572 ± 0.0075 


^fB(-2) 


= 


-0.027 ±0.016 




= 


0.0973 ±0.0021 




= 


0.0621 ±0.0036 


^fb(+2) 


= 


0.1106 ±0.0065 


^fB(+2) 




0.131 ±0.013 






0.922 ± 0.022 






0.631 ± 0.026 


BR(b ^ i) 




0.1056 ± 0.0019 






0.0801 ± 0.0026 


BR(c ^ e) 




0.0984 ± 0.0032 


X 




0.1194 ±0.0043 


/(D+) 




0.237 ±0.016 


/(Ds) 




0.121 ±0.025 


/(Cbaryon) 




0.090 ±0.022 


^ ^ vr+D") 




0.1631 ±0.0050 



with a x^/d.o.f. of 52/(98 — 18). The corresponding correlation matrix is given in Table 43. The 
energy for the peak— 2, peak and peak±2 results are respectively 89.55 GeV, 91.26 GeV and 92.94 GeV. 
Note that the asymmetry results shown here are not the pole asymmetries shown in Section 5.2.2 . 
The non-electroweak parameters do not depend on the treatment of the asymmetries. 
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^) 






4"! 


^"1 
OJ 


"J 


7"! 


°) 




lUj 


1 1 "1 


1 9^ 
IZ) 




i4J 


1 ^\ 


iDj 


1 7\ 


iOj 




Kb 


tic 


^FB 

(-2) 


4CC 

(-2) 


^FB 

(pk) 


/tec 

(pk) 


^FB 
t 1 o\ 

(+2) 


4CC 
f 1 o\ 

(+2) 


.4b 


A 

Ac 


(1) 


r>K 
(2) 


tiix 
(3) 


X 


/(D ) 


/(Ds) 


jyCbar.) 


PcDst 


1) 


1.00 


-0.13 


0.00 


-0.01 


-0.02 


0.01 


-0.01 


0.00 


-0.04 


0.02 


-0.09 


-0.02 


-0.02 


-0.02 


-0.16 


-0.04 


0.12 


0.11 


2) 


-0.13 


1.00 


0.01 


0.01 


0.05 


-0.01 


0.02 


-0.01 


0.02 


-0.02 


0.05 


-0.01 


-0.32 


0.04 


-0.13 


0.19 


0.18 


-0.49 


3) 


0.00 


0.01 


1.00 


0.14 


0.04 


0.01 


0.02 


0.00 


0.01 


0.00 


0.02 


-0.03 


0.01 


0.06 


0.00 


0.00 


0.00 


-0.01 


4) 


—0.01 


0.01 


0.14 


1.00 


0.01 


0.02 


0.00 


0.00 


0.00 


0.00 


0.01 


—0.01 


0.02 


0.01 


0.00 


0.00 


0.00 


0.01 


5) 


-0.02 


0.05 


0.04 


0.01 


1.00 


0.10 


0.10 


0.00 


0.02 


0.00 


0.01 


-0.09 


0.02 


0.16 


0.01 


0.03 


0.00 


-0.03 


6) 


0.01 


-0.01 


0.01 


0.02 


0.10 


1.00 


0.00 


0.09 


0.00 


0.01 


0.14 


-0.17 


-0.05 


0.16 


0.00 


0.00 


-0.01 


0.00 


7) 


-0.01 


0.02 


0.02 


0.00 


0.10 


0.00 


1.00 


0.13 


0.01 


0.00 


-0.01 


-0.03 


0.01 


0.07 


0.01 


0.01 


0.00 


-0.01 


8) 


0.00 


-0.01 


0.00 


0.00 


0.00 


0.09 


0.13 


1.00 


0.00 


0.00 


0.02 


-0.04 


-0.03 


0.02 


-0.01 


-0.01 


0.00 


0.00 


9) 


-0.04 


0.02 


0.01 


0.00 


0.02 


0.00 


0.01 


0.00 


1.00 


0.14 


-0.02 


0.00 


0.05 


0.09 


-0.01 


0.00 


0.00 


-0.01 


10) 


0.02 


-0.02 


0.00 


0.00 


0.00 


0.01 


0.00 


0.00 


0.14 


1.00 


0.02 


-0.03 


-0.03 


0.01 


-0.01 


0.00 


0.01 


0.01 


11) 


-0.09 


0.05 


0.02 


0.01 


0.01 


0.14 


-0.01 


0.02 


-0.02 


0.02 


1.00 


-0.33 


0.14 


0.43 


0.04 


0.01 


-0.02 


-0.02 


12) 


-0.02 


-0.01 


-0.03 


-0.01 


-0.09 


-0.17 


-0.03 


-0.04 


0.00 


-0.03 


-0.33 


1.00 


-0.03 


-0.40 


0.01 


-0.01 


0.00 


0.01 


13) 


-0.02 


-0.32 


0.01 


0.02 


0.02 


-0.05 


0.01 


-0.03 


0.05 


-0.03 


0.14 


-0.03 


1.00 


0.20 


0.02 


-0.04 


-0.04 


0.16 


14) 


-0.02 


0.04 


0.06 


0.01 


0.16 


0.16 


0.07 


0.02 


0.09 


0.01 


0.43 


-0.40 


0.20 


1.00 


0.01 


0.01 


-0.01 


-0.03 


15) 


-0.16 


-0.13 


0.00 


0.00 


0.01 


0.00 


0.01 


-0.01 


-0.01 


-0.01 


0.04 


0.01 


0.02 


0.01 


1.00 


-0.38 


-0.27 


0.11 


16) 


-0.04 


0.19 


0.00 


0.00 


0.03 


0.00 


0.01 


-0.01 


0.00 


0.00 


0.01 


-0.01 


-0.04 


0.01 


-0.38 


1.00 


-0.46 


-0.11 


17) 


0.12 


0.18 


0.00 


0.00 


0.00 


-0.01 


0.00 


0.00 


0.00 


0.01 


-0.02 


0.00 


-0.04 


-0.01 


-0.27 


-0.46 


1.00 


-0.17 


18) 


0.11 


-0.49 


-0.01 


0.01 


-0.03 


0.00 


-0.01 


0.00 


-0.01 


0.01 


-0.02 


0.01 


0.16 


-0.03 


0.11 


-0.11 


-0.17 


1.00 



Table 43: The correlation matrix for the set of the 18 heavy flavour parameters. BR(1), BR(2) and BR(3) denote BR(b £), BR(b — > c — > 
and BR(c i) respectively, PcDst denotes P(c D*+) x BR(D*+ 7r+D°). 



The Measurements used in the Heavy Flavour Averages 



In the following 20 tables the results used in the combination are listed. In each case an indication of 
the dataset used and the type of analysis is given. Preliminary results are indicated by the symbol "f" • 
The values of centre-of-mass energy are given where relevant. In each table, the result used as input 
to the average procedure is given followed by the statistical error, the correlated and uncorrelated 
systematic errors, the total systematic error, and any dependence on other electroweak parameters. 
In the case of the asymmetries, the measurement moved to a common energy (89.55 GeV, 91.26 GeV 
and 92.94 GeV, respectively, for peak— 2, peak and peak+2 results) is quoted as corrected asymmetry. 

Contributions to the correlated systematic error quoted here are from any sources of error shared 
with one or more other results from different experiments in the same table, and the uncorrelated errors 
from the remaining sources. In the case of and from SLD the quoted correlated systematic 
error has contributions from any source shared with one or more other measurements from LEP 
experiments. Constants such as a(x) denote the dependence on the assumed value of x'^'^'^'^, which is 
also given. 





ALEPH 


DELPHI 


L3 


OPAL 


SLD 




92-95 
124] 


92-95 

|25] 


94-95 
126] 


92-95 

|27] 


93-98t 

m 




0.2157 


0.2163 


0.2174 


0.2174 


0.2167 


Statistical 


0.0009 


0.0007 


0.0015 


0.0011 


0.0009 


Uncorrelated 
Correlated 


0.0007 
0.0007 


0.0004 
0.0004 


0.0015 
0.0018 


0.0009 
0.0008 


0.0008 
0.0005 


Total Systematic 


0.0009 


0.0006 


0.0023 


0.0012 


0.0010 


a(i?c) 

pused 


-0.0033 
0.1720 


-0.0041 
0.1720 


-0.0376 
0.1734 


-0.0122 
0.1720 


-0.0057 
0.1710 


a(BR(c ^ £)) 

BR(c ^ er"'^ 






-0.0133 
9.80 


-0.0067 
9.80 




«(/(D+)) 

J|-J3+-)Used 


-0.0010 
0.2330 


-0.0010 
0.2330 


-0.0086 
0.2330 


-0.0029 
0.2380 


-0.0008 
0.2370 


«(/(Ds)) 
^P^^used 


-0.0001 
0.1020 


0.0001 
0.1030 


-0.0005 
0.1030 


-0.0001 
0.1020 


-0.0003 
0.1140 


«(/(Ac)) 

/(A,)"-d 


0.0002 
0.0650 


0.0003 
0.0630 


0.0008 
0.0630 


0.0003 
0.0650 


-0.0003 
0.0730 



Table 44: The measurements of R}^. All measurements use a lifetime tag enhanced by other features 
like invariant mass cuts or high pT leptons. 
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ALEPH 


DELPHI 


OPAL 


SLD 




91-95 


91-95 


92-95 


92-95 


92-95 


91-94 


90-95 


93-97t 




c-count 


D meson 


lepton 


c-count 


D meson 


c-count 


D meson 


vtx-mass 




11 


m 


in 


131] 


m 





n 


m 




0.1734 


0.1679 


0.1668 


0.1692 


0.1610 


0.164 


0.1760 


0.1732 


Statistical 


0.0049 


0.0082 


0.0062 


0.0047 


0.0104 


0.011 


0.0095 


0.0041 


Uncorrelated 


0.0057 


0.0078 


0.0059 


0.0050 


0.0064 


0.012 


0.0102 


0.0025 


Correlated 


0.0101 


0.0026 


0.0010 


0.0083 


0.0060 


0.010 


0.0062 


0.0004 


Total Systematic 


0.0116 


0.0082 


0.0059 


0.0097 


0.0088 


0.016 


0.0120 


0.0025 


a(i?b) 




-0.0050 












-0.0239 


puscd 




0.2159 












0.2175 


a(BR(c ^ £)) 

BR(c ^ ir"^ 






-0.1646 
9.80 













Table 45: The measurements of R^. "c-count" denotes the determination of R^ from the sum of 
production rates of weakly decaying charmed hadrons. "D meson" denotes any single/double tag 
analysis using exclusive and/or inclusive D meson reconstruction. 
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ALEPH 


DELPHI 


L3 


OPAL 




90-95 
lepton 
[37] 


90-95 
lepton 
[37] 


90-95 
lepton 
[37] 


91-95 

jet charge 
[41] 


93-95t 
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[39] 
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[40] 
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I?-meson 
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(GcV) 


88.380 


89.380 


90.210 


89.430 


89.433 


89.434 


89.550 


89.500 


89.440 


89.490 


89.490 




-3.53 


5.47 


9.11 


7.46 


5.90 


5.65 


6.80 


6.14 


4.10 


3.56 


-9.30 


ylkn C — 2) Corrected 


5.87 


7.75 


6.18 


5.93 


6.80 


6.26 


4.36 


3.70 


-9.16 


Statistical 


1.90 


1.78 


2.20 


7.59 


1.80 


2.93 


2.10 


1.73 


10.80 


Uncorrclated 
Correlated 


0.39 
0.70 


0.19 
0.15 


0.08 
0.08 


0.91 
0.08 


0.12 
0.01 


0.37 
0.19 


0.25 
0.02 


0.16 
0.04 


2.51 
1.41 


Total Systematic 


n an 

U.oU 


0.24 


0.12 


0.91 


0.13 


0.41 


0.25 


0.16 


2.88 


a(i?b) 

rjused 


-0.3069 

0.zl9z 


n 9/1 

-U.Z4oU 

0.2155 


-i.iD4o 

0.2164 




0.2158 


-1.4467 
n 91 7n 

u.z± / u 


-U. 1 oUU 

0.2150 


n 1 nnn 
0.2155 




a{Rc) 

^uscd 


0.0362 
0.1710 


1 4800 
0.1726 


1.0444 
0.1671 




3200 
0.1720 


0.3612 
0.1734 


0700 
0.1730 


1 000 
0.1720 




«(^Fb(-2)) 


-0.2244 


-0.2501 
-2.70 








-0.1000 
-2.50 


-0.3156 
-2.81 






a(BR(b ^ £)) 
BR(b ^ ^)"'^''^ 


-0.2486 




-1.0154 

10.56 






-1.0290 
10.50 




0.3406 
10.90 




a(BR(b -^c^l)) 
BRfb ^ c ^ i)''"'"^ 


-0.1074 

/ .50 




-0.1424 
8.07 






-0.1440 
8.00 




-0.5298 
8.30 




a(BR(c ^ £)) 

BR(c ^ e)'^^'^ 


-0.0474 
9.80 




0.7224 
9.90 






0.5096 
9.80 




0.1960 
9.80 




«(x) 


5.259 
0.12460 




1.3054 
0.11770 














«(/(D+)) 








0.5083 
0.2210 


0.0949 
0.2330 










«(/(Ds)) 








0.1742 

0.1120 


0.0035 

0.1020 










«(/(Ac)) 
/(A,)--'i 








-0.0191 
0.0840 


-0.0225 
0.0630 











Table 46: The measurements of ^pb(— 2). All numbers are given in %. 





ALEPH 


DELPHI 


OPAL 




91-95 


93-95t 


92-95 


90-95t 


90-95 




D-meson 


lepton 


D-meson 


lepton 


L)-meson 




© 




m 


m 


m 


(GeV) 


89.370 


89.433 


89.434 


89.490 


89.490 


^fB(-2) 


-1.10 


1.11 


-5.04 


-6.92 


3.90 


^f?R(-2)Corrected 


-0.02 


1.81 


-4.35 


-6.56 


4.26 


Statistical 


4.30 


3.60 


3.69 


2.44 


5.10 


Uncorrelated 


1.00 


0.53 


0.40 


0.38 


0.80 


Correlated 


0.09 


0.16 


0.09 


0.23 


0.30 


Total Systematic 


1.00 


0.55 


0.41 


0.44 


0.86 


aiRb) 




-0.2886 




-3.4000 




^used 




0.2164 




0.2155 




a{Rc) 




1.0096 




3.2000 




Tjused 




0.1671 




0.1720 




««b(-2)) 


-1.3365 
6.13 










a(BR(b ^ i)) 




-1.0966 




-1.7031 




BR(b ^ ^)"'^''^ 




10.56 




10.90 




a(BR(b -^c^e)) 

BR(b ^ c ^ er"" 




1.1156 
8.07 




-1.4128 
8.30 




a(BR(c ^ ^)) 




1.0703 




3.3320 




BR(c ^ ^)"'"'^ 




9.90 




9.80 




«(x) 

^uscd 




-0.0856 
0.11770 








a(/(D+)) 






-0.3868 






^^J3+)iised 






0.2210 






«(/(Ds)) 






-0.1742 
0.1120 






a(/(Ac)) 






-0.0878 
0.0840 







Table 47: The measurements of Ap^{—2). All numbers are given in %. 
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ALEPH 


DELPHI 


L3 


OPAL 




91-95t 


91-95 


91-92 


93-95t 


92-95 


92-95 


91-95 


90-95 


91-95 


90-95t 


90-95 




lepton 


jet charge 


lepton 


lepton 


D-meson 


jet charge 


jet charge 


lepton 


jet charge 


lepton 


D-meson 




[37] 


[41] 


[38] 


[38] 


[46] 


[42] 


[43] 


[39] 


[44] 


[40] 


[47] 


^/i (GeV) 


91.210 


91.250 


91.270 


91.223 


91.235 


91.260 


91.240 


91.260 


91.210 


91.240 


91.240 




9.71 


10.40 


10.89 


9.86 


7.59 


9.83 


9.31 


9.85 


10.06 


9.14 


8.90 


AW, ( nklCorrerted 


9.81 


10.42 


10.87 


9.93 


7.63 


9.83 


9.35 


9.85 


10.15 


9.18 


8.94 




0.40 


0.40 


1.30 


0.64 


1.97 


0.47 


1.01 


0.67 


0.52 


0.44 


2.70 


Uiicorrelated 


n ifi 


93 


n 33 


1 ^ 


77 


14 


^1 


97 


41 


14 


9 1 ^ 




0.12 


0.22 


0.27 


0.14 


0.07 


0.04 


0.21 


0.14 


0.20 


0.15 


0.45 


Total Systematic 


0.20 


0.32 


0.43 


0.20 


0.77 


0.14 


0.55 


0.31 


0.46 


0.20 


2.20 


a{Ub) 


-u.yo4o 


n 0/1 "^n 




noni 




n 1 QRO 


1 ROO 


1 7nn 


7 RQnn 

- 1 .DoUU 


n 7nnn 

-U. lUUU 




Tfused 


U.Zl / z 


n 01 


n 01 7n 


n 01 




n 01 


n 01 7n 


n 01 7n 


n 01 Kc\ 


n 01 t^c; 




a[iicj 


64.^0 


1 4900 


1 0993 


1 1488 




8400 


1 0831 


1 3005 


4600 


6000 




pused 


n 1 790 


1 79fi 


1710 


1 fi71 




1790 


1 733 


1 734 


1 730 


1 790 








0.6345 










1.1603 


0.9262 


0.6870 










6.85 










6.91 


7.41 


6.19 






a(BR(b £)) 


-1.8480 




-3.8824 


-2.0308 








-2.0160 




-0.3406 




BR(b ^ ^)"^^'^ 


10.78 




11.00 


10.56 








10.50 




10.90 




a(BR(b £)) 


0.4233 




0.4740 


-0.3798 








-0.1280 




-0.3532 




BRfb ^ c ^ f)"'*''^ 


8 14 




7 90 


8 07 








8 00 




8 30 






0.5096 




0.7840 


1.0703 








1.5288 




0.5880 




BR(c ^ 


9.80 




9.80 


9.90 








9.80 




9.80 






2.9904 




3.4467 


1.6692 


















0.12460 




0.12100 


0.11770 
















a(/(D+)) 










0.0442 


0.2761 






















0.2210 


0.2330 












«(/(Ds)) 










-0.0788 


0.0106 






















0.1120 


0.1020 












«(/(Ac)) 










-0.0115 


-0.0495 






















0.0840 


0.0630 













Table 48: The measurements of Ap3(pk). All numbers are given in %. 





ALEPH 


DELPHI 


L3 


OPAL 




91-95t 
lepton 

137] 


91-95 
D-meson 

m 


91-92 
lepton 
|38| 


93-95t 
lepton 

@ 


92-95 
Z?-meson 

|46| 


90-95 
lepton 

m 


90-95t 
lepton 
|4C| 


90-95 
D-meson 
147] 


^/i (GeV) 


91.210 


91.220 


91.270 


91.223 


91.235 


91.240 


91.240 


91.240 


^FB(pk) 


5.69 


6.20 


8.05 


6.28 


6.58 


7.94 


5.97 


6.60 


yl^pR (pk) Corrected 


5.94 


6.39 


8.00 


6.46 


6.70 


8.04 


6.07 


6.70 


Statistical 


0.53 


0.90 


2.26 


1.00 


0.97 


3.70 


0.59 


1.20 


Uncorrelated 
Correlated 


0.24 
0.36 


0.23 
0.17 


1.25 
0.49 


0.53 
0.27 


0.25 
0.04 


2.40 
0.49 


0.37 
0.32 


0.49 
0.24 


Total Systematic 


0.44 


0.28 


1.35 


0.60 


0.25 


2.45 


0.49 


0.54 


a(i?b) 

^used 


1.4318 
0.2172 




2.8933 
0.2170 


-2.3087 
0.2164 




4.3200 
0.2160 


4.1000 
0.2155 




a(i?c) 

pused 


-2.9383 
0.1720 




-6.4736 
0.1710 


5.4307 
0.1671 




-6.7600 
0.1690 


-3.8000 
0.1720 




a(Abb(pk)) 
A^^(pk)"'^^'i 




-2.1333 
9.79 








6.4274 
8.84 






a(BR(b ^ ^)) 
BR(b ^ ^)'^'"'^ 


1.8993 
10.78 




4.8529 
11.00 


-2.7618 
10.56 




3.5007 
10.50 


5.1094 
10.90 




a(BR(b ^ c ^ £)) 
BR(b ^ c ^ 


-1.0745 
8.14 




-3.9500 
7.90 


2.2786 
8.07 




-3.2917 
7.90 


-1.7660 
8.30 




a(BR(c ^ ^)) 
BR(c ^ l^"'^ 


-3.2732 
9.80 




-7.2520 
9.80 


4.8965 
9.90 




-6.5327 
9.80 


-3.9200 
9.80 




aix) 

■^used 


0.0453 
0.12460 






0.3852 
0.11770 










«(/(D+)) 

^P+^uscd 










-0.0221 
0.2210 








a(/(Ds)) 










0.0788 
0.1120 








a(/(Ac)) 










0.0115 
0.0840 









Table 49: The measurements of ^^^(pk). All numbers are given in %. 
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ALEPH 


DELPHI 


L3 


OPAL 




90-95 
lepton 
[37] 


90-95 
lepton 
[37] 


90-95 
lepton 
[37] 


91-95 

jet charge 
[41] 


93-95t 

lepton 
[38] 


92-95 

D-meson 
[46] 


92-95 

jet charge 
[42] 


90-95 

lepton 
[39] 


91-95 

jet charge 

[44] 


90-95t 

lepton 

[40] 


90-95 

I?-meson 
[47] 


(GeV) 


92.050 


92.940 


93.900 


92.970 


92.990 


92.990 


92.940 


93.100 


92.910 


92.950 


92.950 




3.93 


10.60 


9.03 


9.24 


10.10 


8.78 


12.30 


13.78 


14.60 


10.75 


-3.40 


A^k Corrected 


10.03 


9.21 


10.05 


8.73 


12.30 


13.62 


14.63 


10.74 


-3.41 


Statistical 


1.51 


1.79 


1.80 


6.37 


1.60 


2.40 


1.70 


1.43 


9.00 


Uncorrclated 
Correlated 


0.14 
0.24 


0.45 
0.26 


0.14 
0.16 


0.97 
0.13 


0.25 
0.05 


0.34 
0.20 


0.64 
0.34 


0.25 
0.28 


2.03 
1.74 


Total Systematic 


n OR 
U.Zo 


0.52 


0.21 


0.98 


0.26 


0.40 


0.73 


0.37 


2.68 


a(i?b) 

rjused 


-1.964 

U.zl9z 


-U.Z4oU 

0.2155 


-z.oooy 
0.2164 




0.2158 


-3.3756 
n 91 7fi 

u.z± / u 


1 9 onnn 
-iz.yuuu 

0.2150 


n snnn 

-U.oUUU 

0.2155 




a(i?c) 

^uscd 


1.575 
0.1710 


1 4900 
0.1726 


1 3577 
0.1671 




1 2000 
0.1720 


1.9869 
0.1734 


6900 
0.1730 


8000 
0.1720 




«(^Fb(+2)) 


1.081 


1.2018 
12.96 








0.5206 
12.39 


1.3287 
12.08 






a(BR(b ^ £)) 
BR(b ^ ^)"'^''^ 


-1.762 

I 1 '^A 

I I .o^ 




-2.3557 

10.56 






-2.0790 

10.50 




-1.3625 
10.90 




a(BR(b -^c^l)) 
BRfb ^ c ^ 1)""''^ 


-0.2478 

( .50 




-0.7595 
8.07 






-1.1200 
8.00 




0.7064 
8.30 




a(BR(c ^ £)) 
BR(c ^ 


1.524 
9.80 




1.0703 
9.90 






1.9796 
9.80 




0.7840 
9.80 




«(x) 


6.584 
0.12460 




1.6050 
0.11770 














«(/(D+)) 








0.3978 
0.2210 


0.4229 
0.2330 










«(/(Ds)) 








-0.0788 

0.1120 


0.0211 

0.1020 










«(/(Ac)) 
/(A,)--'i 








0.0573 
0.0840 


-0.0855 
0.0630 











Table 50: The measurements of ^pb(-|-2). All numbers are given in %. 





ALEPH 


DELPHI 


OPAL 




91-95 


93-95t 


92-95 


90-95t 


90-95 




D-meson 


lepton 


D-meson 


lepton 


L)-meson 




11 




m 


m 


m 


(GeV) 


92.960 


92.990 


92.990 


92.950 


92.950 


^fB(+2) 


10.94 


10.50 


11.78 


15.65 


16.70 


^f?R(+2)Corrected 


10.89 


10.37 


11.65 


15.62 


16.67 


Statistical 


3.30 


2.90 


3.20 


2.02 


4.10 


Uncorrelated 


0.79 


0.41 


0.52 


0.57 


0.92 


Correlated 


0.18 


0.29 


0.07 


0.62 


0.51 


Total Systematic 


0.81 


0.50 


0.52 


0.84 


1.05 


aiRb) 




-4.0402 




9.6000 




^used 




0.2164 




0.2155 




a{Rc) 




7.5891 




-8.9000 




Tjused 




0.1671 




0.1720 




««b(+2)) 


-2.6333 
12.08 










a(BR(b ^ i)) 




-3.2492 




9.5375 




BR(b ^ ^)"'^''^ 




10.56 




10.90 




a(BR(b -^c^e)) 

BR(b ^ c ^ er"" 




1.5191 
8.07 




-1.5894 
8.30 




a(BR(c ^ ^)) 




8.1341 




-9.2120 




BR(c ^ ^)"'"'^ 




9.90 




9.80 




«(x) 

^uscd 




-0.2140 
0.11770 








a(/(D+)) 






-0.2984 






^^J3+)iised 






0.2210 






«(/(Ds)) 






0.0539 
0.1120 






a(/(Ac)) 






0.0764 
0.0840 







Table 51: The measurements of ^pb(-|-2). All numbers are given in %. 
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SLD 




93-98t 
lepton 

11 


93-98t 
jet charge 

m 


94-98t 

m 


97-98t 
multi 

m 


(GeV) 


91.280 


91.280 


91.280 


91.280 




0.922 


0.882 


0.960 


0.926 


Statistical 


0.029 


0.020 


0.040 


0.019 


Uncorrelated 
Correlated 


0.019 
0.008 


0.029 
0.001 


0.056 
0.002 


0.027 
0.001 


Total Systematic 


0.021 


0.029 


0.056 


0.027 


^b 


-0.0542 
0.2168 








a{Rc) 

Tjuscd 


0.0424 
0.1697 








a{Ac) 

A used 


0.0449 
0.667 


0.0134 
0.670 


-0.0112 
0.666 


0.0133 
0.667 


a(BR(b ^ £)) 
BR(b ^ 


-0.2160 
10.80 








a(BR(b ^ c ^ ^)) 
BR(b^c^ 


0.0888 
8.05 








a(BR(c ^ £)) 
BR(c ^ 


0.0479 
9.83 








a(x) 

-reused 


0.3052 
0.11990 









Table 52: The measurements of 



89 





SLD 




93-98t 
lepton 

11 


93-97t 
L)-meson 

11 


93-97t 
K-|- vertex 

HI 


^/i (GeV) 


91.280 


91.280 


91.280 




0.567 


0.688 


0.603 


Statistical 


0.051 


0.035 


0.028 


Uncorrelated 
Correlated 


0.056 
0.018 


0.020 
0.003 


0.023 
0.001 


Total Systematic 


0.059 


0.021 


0.023 


a(i?b) 

Tjused 


0.2173 
0.2173 






a{Rc) 

Tjusod 


-0.4089 
0.1730 






a{Ab) 


0.2151 
0.935 


-0.0673 
0.935 


-0.0306 
0.900 


a(BR(b ^ ^)) 
BR(b ^ ^)"^'''^ 


0.2328 
11.06 






a(BR(b ^ c ^ ^)) 
BR(b ^ c ^ ^)"^'''' 


-0.1178 
8.02 






a(BR(c^£)) 
BR(c ^ ^j^^^'l 


-0.4077 
9.80 






«(x) 

■^used 


0.1138 
0.12170 






«(/(D+)) 

^•(•j3+)uscd 






-0.0140 
0.2300 


«(/(Ds)) 






-0.0028 
0.1150 


«(/(Ac)) 
/(A,)--d 






0.0005 
0.0740 



Table 53: The measurements of 



90 







TDXJT 
UEjLr tlL 


L3 










92 


94-95t 


Q9-Q5 




multi 


multi 




Tm 1 H"! 

lilLll Lil 


multi 








IM 'II 




Il58ll 


Dtx[0 — > t) 


ii.OO 


iU.DO 


1 n fis 

lU.UO 


1 n 91 


iU.oo 






n 07 


nil 


U. iO 


n 1 n 




n 1 7 




36 


20 


n 9n 


(~! O T* T P 1 a t, P H 


0.22 


0.42 


99 


31 


0.21 


iijijdi k_) y o LciiicujiL^ 


27 


48 


0.42 


0.36 


29 








-9.2571 




-0 1808 


pused 






0.2160 




0.2169 


a(i?c) 








1.4450 


0.4867 


puscd 








0.1734 


0.1770 


a(BR(b ^c^£)) 

BR(b ^ c ^ ir^'' 






-1.1700 
9.00 


0.1618 
8.09 




a(BR(c ^ £)) 


-0.3078 


-0.1960 


-2.5480 


0.9212 




BR(c ^ 


9.85 


9.80 


9.80 


9.80 




«(x) 

^used 


0.7683 
0.1178 










«(/(D+)) 








0.5523 


0.1445 


Jl'j^+^uscd 








0.2330 


0.2380 


«(/(Ds)) 








0.0213 


0.0055 










0.1030 


0.1020 


«(/(Ac)) 








-0.0427 


-0.0157 


/(A,)"-'i 








0.0630 


0.0650 



Table 54: The measurements of BR(b i). All numbers are given in %. 



91 





ALEPH 


DELPHI 


OPAL 




91-95t 
multi 

m 


94-95t 
multi 

m 


92-95 
multi 
11 


BR(b -^c^e) 


8.04 


7.88 


8.40 


Statistical 


0.14 


0.13 


0.16 


Uncorrelated 
Correlated 


0.20 
0.14 


0.26 
0.36 


0.19 
0.34 


Total Systematic 


0.25 


0.45 


0.39 


a(i?b) 

puscd 






-0.1808 
0.2169 


a{Rc) 

ouscd 


0.8916 
0.1694 




0.3761 
0.1770 


a(BR(c ^ £)) 
BR(c i) 


0.3078 
9.85 


-0.1960 
9.80 




—used 


-1.2804 
0.11780 






a(/(D+)) 

J (-13+-) used 






0.1190 
0.2380 


«(/(Ds)) 






0.0028 
0.1020 


a(/(Ac)) 






-0.0110 
0.0660 



Table 55: The measurements of BR(b c ^ i). All numbers are given in 





DELPHI 


OPAL 




92-95 


90-95 




D-|-lepton 



Z)-|-lepton 

H 


BR(c ^ i) 


9.59 


9.60 


Statistical 


0.42 


0.60 


Uncorrelated 


0.24 


0.49 


Correlated 


0.14 


0.43 


Total Systematic 


0.27 


0.65 


a(BR(b ^ £)) 


-0.5600 


-1.4335 


BR(b ^ i)''""^ 


11.20 


10.99 


a(BR(b -^c^i)) 


-0.4100 


-0.7800 


BR(b ^ c ^ ir'"' 


8.20 


7.80 



Table 56: The measurements of BR(c £). All numbers are given in %. 
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ALEPH 


DELPHI 


L3 


OPAL 




90-95 


94-95t 


90-95 


90-95t 




multi 

rl > — h 

m 


multi 

[ii 


lepton 

m 


lepton 


X 


0.12461 


0.12700 


0.11920 


0.11390 


Statistical 


0.00515 


0.01300 


0.00680 


0.00540 


Uncorrelated 


0.00252 


0.00566 


0.00214 


0.00306 


Correlated 


0.00397 


0.00554 


0.00252 


0.00324 


Total Systematic 


0.00470 


0.00792 


0.00330 


0.00446 




0.0341 




0.0000 




pused 

Rh 


0.2192 




0.2170 




a{Rc) 


0.0009 




0.0004 






0.1710 




0.1734 




a(BR(b ^ £)) 


0.0524 




0.0550 


0.0170 


BR(b ^ i)''""^ 


11.34 




10.50 


10.90 


a(BR(b ^ c ^ ^)) 


-0.0440 




-0.0466 


-0.0318 


BR(b ^ c ^ 


7.86 




8.00 


8.30 


a(BR(c ^ £)) 


0.0035 


-0.0020 


0.0006 


0.0039 


BR(c ^ £r"^ 


9.80 


9.80 


9.80 


9.80 



Table 57: The measurements of x- 





DELPHI 


OPAL 




92-95 
D-meson 
|30| 


90-95 
D-meson 

[32| 


P(c ^ D*+) X BR(D*+ ^ vr+D^) 


0.1740 


0.1513 


Statistical 


0.0100 


0.0096 


Uncorrelated 
Correlated 


0.0040 
0.0007 


0.0088 
0.0011 


Total Systematic 


0.0041 


0.0089 


a(i2b) 

Rh 


0.0293 
0.2166 




a{Rc) 


-0.0158 
0.1735 





Table 58: The measurements of P(c D*+) x BR(D*+ tt+B^). 
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ALEPH 


DELPHI 


OPAL 




91-95 


92-95 


91-94 




D meson 

m 


D meson 


D meson 



RcfD+ 


0.0406 


0.0384 


0.0390 


Statistical 


0.0013 


0.0013 


0.0050 


Uncorrelated 


0.0014 


0.0015 


0.0042 


Correlated 


0.0032 


0.0025 


0.0031 


Total Systematic 


0.0035 


0.0030 


0.0052 


«(/(D+)) 




0.0008 
0.2210 




a(/(Ds)) 




-0.0002 
0.1120 




«(/(Ac)) 




0.0000 
0.0840 




Table 59: The measurements of Rcf 


JJ-t- • 




ALEPH 


DELPHI 


OPAL 




91-95 


92-95 


91-94 




D meson 

m 


D meson 

m 


D meson 


RcfD. 


0.0207 


0.0213 


0.0160 


Statistical 


0.0033 


0.0017 


0.0042 


Uncorrelated 


0.0011 


0.0010 


0.0016 


Correlated 


0.0053 


0.0054 


0.0043 


Total Systematic 


0.0054 


0.0055 


0.0046 


a(/(D+)) 




0.0007 
0.2210 




«(/(Ds)) 




-0.0009 
0.1120 




a(/(Ac)) 
/(Ac)"^^' 




-0.0001 
0.0840 





Table 60: The measurements of Rcfos- 



94 





ALEPH 


DELPHI 


OPAL 




91-95 
D meson 

m 


92-95 
D meson 
|31| 


91-94 
D meson 
|34| 


RcfA. 


0.0157 


0.0169 


0.0091 


Statistical 


0.0016 


0.0035 


0.0050 


Uncorrelated 
Correlated 


0.0005 
0.0044 


0.0016 
0.0045 


0.0015 
0.0035 


Total Systematic 


0.0045 


0.0048 


0.0038 


a(/(D+)) 




0.0002 
0.2210 




a(/(Ds)) 

^(j3^)used 




-0.0001 
0.1120 




a(/(Ac)) 




-0.0002 
0.0840 





Table 61: The measurements of RqIac- 





ALEPH 


DELPHI 


OPAL 




91-95 


92-95 


91-94 




D meson 


D meson 


D meson 




m 


m 







0.0964 


0.0926 


0.0997 


Statistical 


0.0029 


0.0026 


0.0070 


Uncorrelated 


0.0040 


0.0038 


0.0057 


Correlated 


0.0045 


0.0023 


0.0041 


Total Systematic 


0.0060 


0.0044 


0.0070 


a(/(D+)) 




0.0020 




J(^J3+^used 




0.2210 




a(/(Ds)) 

^P^^used 




-0.0004 
0.1120 




«(/(Ac)) 
/(Ac)"^^' 




-0.0004 
0.0840 





Table 62: The measurements of Rcfoo- 



95 





DELPHI 


OPAL 






92-95 


90-95 






D meson 


D-meson 






© 


m 


RcP(c ^ D*+) X BR(D*+ - 




0.0282 


0.0266 


Statistical 


0.0007 


0.0005 


Uncorrelated 




0.0010 


0.0010 


Correlated 




0.0007 


0.0009 


Total Systematic 


0.0012 


0.0014 


«(/(D+)) 




0.0006 








0.2210 




«(/(Ds)) 


-0.0001 
0.1120 




«(/(Ac)) 


-0.0004 
0.0840 





Table 63: The measurements of RcP(c D*+) x BR(D*+ 7r+D°). 
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B The Measurements used in the Electroweak Gauge Boson Cou- 
pUngs 



In the following, results from individual experiments used in the electroweak gauge boson couplings 
averages are summarised. 



Charged Triple Gauge Boson Couplings 



Results from each experiment are shown in Tables p3, 65 and pq for the single, two and three-parameter 



analyses respectively. Uncertainties include both statistical and systematic effects. 



Parameter 


ALEPH |15C] 


DELPHI |151| 


L3 [152] 


OPAL [153| 


9l 


+0.131°:^} 




-n n4+°-24 

^•'-'^-0.25 






+0.008tH^^ 




-0.0751°:°^! 


-n n4fi+°°^3 

U.U4D_Q 041 




+0.041°:°^ 




-0.03l°i? 








+0.0561°;°^^ 


-o.o8il°:°i 


-U.iU»_o.038 



Table 64: The measured central values and one standard deviation uncertainties (A — A log C = 
0.5) obtained by the four LEP experiments. In each case the parameter listed is varied while the 
remaining ones are fixed to their Standard Model value. Both statistical and systematic uncertainties 
are included. 



Parameter 


ALEPH |15C] 


DELPHI |151| 


L3 [152] 


OPAL [153] 


A^f 
Ak^ 


-0 001+° °^3 

U.UU1_Q 

+0 02+°-°^ 


-0.048t°:°^^ 

+0.141°:}} 


-0.088l°:°^i 

+o-04to:}? 


-0 01 7+0-049 
U-Ui/_o.061 

-0 n+0-17 


A<7! 


-i-u.uiy_o 051 
-0.026t0:°i 


-o.io3l°:°i 

+0111 

-l-U.iii_o.o72 


-0 02+°-^° 

-o.o6t°:}^ 


+o.o75;ni 

-0.158iHit 


A^ 

Ak^ 


-0.019t°:°l^ 
+0.031°:°^ 


+0.0321°;°^° 
+0.07t°:}J 


-0.0881°:°^? 

+0.031}!:}^ 


-0.103;H11 
-0.031°;}^ 



Table 65: The measured central values and one standard deviation uncertainties (A — Alog>C = 0.5) 
obtained by the four LEP experiments. In each case the two parameters listed are varied while the 
remaining one is fixed to its Standard Model value. Both statistical and systematic uncertainties are 
included. 
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Parameter 


ALEPH 1 




L3 


152| 


OPAL 1 


1531 




+0.018tng 
+0.013tn?i 
-0.028tHf7 


-n 02+°-^^ 

-0.02;°;}^ 

-0.07^°:?! 


+o.o8it°:°^^ 
-o.i49t°:°| 



Table 66: The measured central values and one standard deviation uncertainties (A — Alog£ = 0.5) 
obtained by ALEPH, L3 and OPAL. All three parameters listed are varied. Both statistical and 
systematic uncertainties are included. 
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Neutral Triple Gauge Boson Couplings in Z7 Production 



Results from each experiment are shown in Tables 67 and 68 for the single and two-parameter analyses 



respectively. Uncertainties include both statistical and systematic effects. 



Parameter 


DELPHI [154| 


L3 p55l 


OPAL 


hj 


[-0.17, +0.17] 


[-0.14, +0.03] 


[-0.11, +0.11] 


hi 


[-0.11, +0.11] 


[-0.039, +0.079] 


[-0.077, +0.077] 


hi 


[-0.058, +0.051] 


[-0.095, -0.001] 


[-0.17, -0.01] 


hi 


[-0.036, +0.041] 


[+0.005, +0.072] 


[+0.01, +0.14] 


hf 


[-0.28, +0.29] 


[-0.16, +0.04] 


[-0.19, +0.19] 


hi 


[-0.18, +0.18] 


[-0.042, +0.093] 


[-0.13, +0.13] 


hi 


[-0.37, +0.21] 


[-0.16, +0.11] 


[-0.27, +0.12] 


hi 


[-0.14, +0.22] 


[-0.05, +0.11] 


[-0.08, +0.18] 



Table 67: The 95% C.L. intervals (A - A log £ = 1.92) measured by DELPHI, L3 and OPAL. In each 
case the parameter listed is varied while the remaining ones are fixed to their Standard Model value. 
Both statistical and systematic uncertainties are included. 



Parameter 


DELPHI fE\ 


L3 [|T55|] 


hi 
hi 


[-0.35, +0.35] 
[-0.23, +0.23] 


[-0.23, +0.10] 
[-0.12, +0.10] 


hi 
hi 


[-0.26, +0.38] 
[-0.32, +0.43] 


[-0.20, +0.12] 
[-0.10, +0.12] 


hi 
hi 


[-0.58, +0.58] 
[-0.38, +0.38] 


[-0.49, +0.19] 
[-0.31, +0.16] 


hi 
hi 


[-0.70, +0.50] 
[-0.41, +0.37] 


[-0.37, +0.40] 
[-0.20, +0.28] 



Table 68: The 95% C.L. intervals (A - A log £ = 1.92) measured by DELPHI and L3. In each case 
the two parameters listed are varied while the remaining ones are fixed to their Standard Model value. 
Both statistical and systematic uncertainties are included. 
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Neutral Triple Gauge Boson Couplings in ZZ Production 



Results from each experiment are shown in Tables 69 and 70 for the single and two-parameter analyses 



respectively. Uncertainties include both statistical and systematic effects. 



Parameter 


DELPHI 


L3 


OPAL [1T59| 


12 


[-0.49, +0.49] 


[-0.59, +0.58] 


[-0.45, +0.43] 


fi 


[-0.82, +0.83] 


[-0.97, +0.99] 


[-0.74, +0.75] 


f2 


[-1.2, +1.2] 


[-1.4, +1.4] 


[-0.9, +0.8] 


fi 


[-1.9, +2.1] 


[-2.2, +2.5] 


[-1.0, +0.5] 



Table 69: The 95% C.L. intervals (A - A log £ = 1.92) measured by DELPHI, L3 and OPAL. In each 
case the parameter listed is varied while the remaining ones are fixed to their Standard Model value. 
Both statistical and systematic uncertainties are included. 



Parameter 


DELPHI |T5^ 


L3 p5^ 


OPAL [|T59| 


fl 


[-0.49, +0.49] 


[-0.58, +0.58] 


[-0.45, +0.43] 


f! 


[-0.82, +0.83] 


[-0.97, +0.99] 


[-0.73, +0.75] 


f2 


[-1.2, +1.2] 


[-1.4, +1.4] 


[-0.9, +0.9] 


fi 


[-1.9, +2.1] 


[-2.2, +2.5] 


[-1.0, +0.7] 



Table 70: The 95% C.L. intervals (A - A log £ = 1.92) measured by DELPHI, L3 and OPAL. In each 
case the two parameters listed are varied while the remaining ones are fixed to their Standard Model 
value. Both statistical and systematic uncertainties are included. 
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Quartic Gauge Boson Couplings 



Results from each experiment are shown in Table 71, where the uncertainties include both statistical 
and systematic effects. 



Parameter 

[GeV"2] 


ALEPH [160| 


L3 |161| 


OPAL |T63 


ao/A' 


[-0.043, +0.042] 


[-0.036, +0.035] 


[-0.065, +0.065] 


ac/A2 


[-0.11, +0.11] 


[-0.08, +0.11] 


[-0.13, +0.17] 


On/A^ 




[-0.45, +0.42] 


[-0.61, +0.57] 


ao/A' 




[-0.006, +0.006] 


[-0.006, +0.008] 


ac/A2 




[-0.006, +0.010] 


[-0.008, +0.012] 



Table 71: The 95% C.L. intervals (A - A log £ = 1.92) measured by ALEPH, L3 and OPAL. In each 
case the parameter listed is varied while the remaining ones are fixed to their Standard Model value. 
Both statistical and systematic uncertainties are included. Top: WW7 and vv^^. Bottom: Z77. 
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